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Vol\llllle One of this Final Technical Docu.ntaey leport presents a 
preliminaey design for a'large scale borane plant in fulfillment of Contract 
Al 33(600)·35745. The manu1cript was relea1ed ~ the author on 15 June 1962 
for publication as an ASD Technical Documentaey Report. 

Thia contract with AFN, Inc. comprised of American Potash & Cheaical 
Corporation, PMC Corporation, and National Distillers and Chemical Corpora· 
tion, with main offices located in Loa Ansele•, California, was initiated 
under Manufacturing Methods Project 7-558b1 "High Energy Fuels Project". 
lt was accomplished under the technical direction of Mr. CGades Tanis, 
Ch•ical Bngineerina Branch, '(ASacrc);."Manufacturiq ~-echnolOI)' ·Laboratory 1 
Aeronautical Sy1tema Di•ision, Wright Patterson Air Force Base, Ohio. 

Dr. T. v. Clapper of American Potash & Chemical Corporation waa Project 
Manager. Others who cooperated in the aupervilion of the work covered ~ 
Volume One were a. c. lhees and c. B. Armatrona of American Potalh & Ch•ical 
Corporation. 

Thi1 project baa been carried out as part of the Air Force ManufacturiDB 
Methods Program. The primaey objective of the Air Force Manufacturing Methods 
Program is to develop on a timely basis manufacturing processes, techniques aa4 
equipaent for use in economical production of USAP materials and coapoaenta. 
Thi1 program encompasses the following technical areas: 

lolled Sheet, Forgings, Extrusions, Castings, Fiber and Powder Metallurgy 
C011ponent Fabrication, Joining, Porming1 Materials llellloval 
Fuels, Lubricants, Ceramics, Graphites1 Non-Metallic Structural Materials 
Solid State Devices, Passive Devices, Thermionic Devices 

Your comments are solicited on the potential utilization of the infor• 
mation contained herein aa applied to your present or future production 
progr&lll8. Suggestions concerning additional Manufacturing Methods 
development required on this or other subjecta will be appreciated. 

Volumea 11 Ill, lV and V of this report are classified COHFlDEirLlL 
because they disclose new, novel and unique mettDds of producins and 
proceaaing certain boron hydrides. 
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VOWMB I - TECHNICAL DOCUMENTARY ABSTRACT REPORT ASD-TDR-62-102$ 
VOLT.JME I OF V 
JUNE 1962 

The preliminary design of versatile 9.~ ton per day (nominal) high energy fuels 
plant incorporates new processes demonstrated on the prepilot and pilot plant levels. 
The simultaneous or virtually exclusive production of diborane, pentaborane, decaborane 
or HIF-3 is possible utilizing a direct, economical route and proven, refinery-like 
procedures. 

Boron trichloride is directly r~duced with hydrogen to form dichloroborane in a 
silver-lined, catalytic react.or operating at 127$°F. and 2$0 psig. The dichloroborane 
is separated, concentrated and disproportionated to form diborane in conventional 
absorption and distillation operations. The diborane is recovered and stored as a 
refrigerated (-200F.) liquid in 99 per cent minimum purity and 95 per cent yield. 
High purity anhydrous hydrogen chloride is obtained as a by-product which can be 
reused for the manufacture of boron trichloride feedstock. Twelve tons per day or 
diborane are produced. 

Diborane is pyrolyzed to form pentaborane and/or decaborane in a mild steel 
reactor at S75°F. and 75 psig. T;.e reactor gases contain diborane and hydrogen 
in the mole ratio of 1 to 7 and are quenched after 2 seconds exposure to th~ high 
temperature in an inert solvent carrier, cyclohexane. The desired product(s) is 
separated, again with conventional stripping and distillation techniques, and lower 
molecular weight boron hydrides are returned to the reactor for conversion to the 
desired end product. The small amount of yellow solids filtered out as an undesired 
by-product may be processed to make boron trichloride, and the hydrogen released from 
pyrolysis may be purified and returned as raw material to the d:l-..,oFane plant. When 
decaborane alone is the desired product, 9.2 tons per day (67.2 per cent yield on 
diborane) may be produced either as a crystalline material of 99 per cent purity or 
as a 20 mole per cent cyclohexane solution.for alkylation to HBF-3. When pentaborane 
is the desired product, 9.~ tons per day (87.4 per cent yield on diborane) are 
produced as a 99 per cent minimum pure liquid along with o.$6 tons per day or decaborane. 

HEF-3 is produced by the continuous alkylation of decaborane in cyclohexane 
solution at l$0°F. and 0 psig. Ethyl chloride is the alkylating agent and aluminum 
chloride is the catalyst. The proportion of di-, tri-, and higher alkylated 
decaboranes formed is controlled by limiting to 45 per cent the per pass conversion 
of decaborane to alkylated product. Subsequent distillation operations, carried out 
under reduced pressures to minimize thermal breakdown of the product, separate 
cyclohexane and decaborane for recycle as well as 9.4 tons per day (98.$ per cent 
yield on decaborane} or a high purity ethyl decaborane product. 

********************** *** ************* **** 
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Manufacturing Technology Laboratory 
Directorate or Materials & Processes 

l.JNCLA~~~l-lt.U 
I 

http:react.or


uNCLASSIFIEu 

ASD-TDB.•62•102S 
Voll.ime I of V 
JUDe 1962 

tABLI w ccwnm 

NOriC!S 

FC:UWQRD 

ABSTIACI •••••••••••••••••••••••••• , • • • • • • • • • • • • • • • • • • • • • • • • • • • iii 

TABU OJ- CCiri'IH'rS •••••• , •••••••••••••••••••• , ••• , • • • • • • • • • • • • • :1. y 

LIST OF PIOtJilBS •••••••••••••••••••••••••••••••••••••• , • • • • • • • • v 

LIS! ~ TABI.&S. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • v 

Lift t:JI' APPENDICES ••••••••••••••••• , ••••••••••••••• , ••••••••• , v 

lftiODtJC:'r ICII. • • • • • • • • • • • • • • • • • • •••••••• ; • • • • • • • • • • •••••••••••• 

liTIGBAtBD PROCESS DISCRIPriOH ••••••••••••.••••••••••••••••••• 

DISIGR CRITERIA 

I. 
II. 

III. 
IV. 
v. 

Plant Capacity and Products ••••••.••••••••••••••••• 
B.av Material a ••••••••••••••••••••••••••••••••••••• , 
Plant Location and Layout ••••••••••• , •••••••••••••. 
Safety ••••••••••••••••••••••••••••••••••••••••••••• 
General Deaisn Specificationa •••••••••••••••••••••• 

PROCISS DESIGN 

I. 
II. 

III. 
IV. 
v. 

VI. 

Diborane Production (Step I) •••••••••••••.•••.•.••• 
Pentaborane/Decaborane Production (Stepa II & ItA). 
Decaboraae Alkylation (Step III) ••••.••••.••••••••. 
~ uipaat DealJG: ••••••.•••••••••••••••••••••••••• o , 

Uti lit iea •.•••••••••••••.•.••.••••••••••••••••••.•. 
Waste Diapoaal ••• , ••••• , ••••••.•••••••••••••••••••. 

1 

3 

4 
7 
8 
9 

11 

12 
22 
33 
45 
so 
50 

Cc::JIEtrS ••••••••••••••••••••••••••••••••••••••••••••••••••••••• , • S3 

APPENDICES 

DISTRIBUfiON LIST 

CAtALOG CAIDS 

iv 

c 0.16 7 I a 2 A n ;. L 

UNCLASS.I Fi L; 

·~ 



!1.UU 
Ja. 

1. 

2. 

uNCLASSIFIED 

COt'' psuy Jl'ICL 

LIST (I' FIGVIIS 

ASD-Tl)R· 62·1025 
Volu.e I of V 
June 1962 

lUa 
.IQ. 

AFN Integrated HBP Plant •••••••••••••••••••••••••• 

Proceaa Plow Diaaram, Diborane Plant, Step 1 •••••• 

5 

13 

3. Proceaa Plow Diaaram, Diborane Pyrolyaia Plant, 
Step II .....• , .......•....•...••....••.. , .. , . . . . . • 29 

4. Proceaa Flow Diaaram, Decaborane Cryatallization 
Plant, Step IIA ••••••• ,, ••••••• , •••••••••• ,....... 35 

s. 
6. 

%Uk 
.1!2.. 

l. 

2. 

3. 

4. 

s. 
6. 

7. 

8. 

Diatribution of Compounda in Alkylation Mixture ••• 

Proceaa Flow Diaaram, Decaborane Alkylation 
Plant, Step III ..•. , ...••.........•..•.•....••.... 

LIST QP JABLBS 

Diborane Production (Step I) Material Balance ••••• 

Pentaborane Production (Step II) Material Balance. 

Decaborane Production (Step II) Material Balance •• 

Decaborane Cryatallization (Step IlA) Material 
Balaace . ......•................................. , , 

Decaborane Alkylation (Step III) Material Balance. 

Proceaa Utility Requirements •••••••••••••••••••••• 

latimated Capital Coat 9.S tona/day AFN 
Boron Hi&b lneray Puela Plant ••••••••••••••••••••• 

lltimated Operating Coat for 9.5 tona/day 
Pentabor•n• ~ ........................................ 

LIST (W APPIIIptcljS 

A. Equipment Deaip Suaury 

B. Pbyaical Propertiea of Proceaa Cbemicala 

c Cl.a' 
v 

:DEN lilt 

uNCLASSl Fl E.D 

39 

41 

lS 

2S 

27 

37 

43 

Sl 

ss 

57 

http:Decabor.ne
http:Decabor.ne
http:Pentabor.ne
http:Dec.bor.De
http:Dibor.ne
http:Dibor.ne


LlNCLASSIFIED 

INIROQUCTION 

ASD-TDR- 62·1025 
Volume I of V 
June 1962 

Compounds of boron and hydrogen, as well as certain derivativas, 
possess unique properties which make them attractive as high energy fuels. 
These compounds, while similar in some respects to the hydrocarbons, have 
an approximately 50 per cent higher heat of combustion. For this reason 
they were originally considered as replacements for such hydrocarbon 
fuels as JP·4 in weapon systems employing air breathing engines. More 
recently, thei.r u:.e as rocket fuels has been given important considera• 
tion because of the high specific impulse developed by certain borane­
oxidizer combinations. The wide range of physical and chemical 
properties characteristic of the stable boranes and their derivatives 
make them potentially suitable for a variety of applications. 

Prompted by the potential importance of the borane compounds, AFN, 
Inc., at its own expense, constructed a pilot plant for decaborane produc· 
tion at Henderson, Nevada. Early, in 1957, high quality decaborane was 
delivered to the Navy and to various commercial and institutional labora· 
tories. This activity demonstrated the specialized knowledge in borane 
chemistry which AFN, Inc. acquired through normal commercial enterprises, 
company sponsored research programs, and laboratory work performed under 
Air For'e Contract 33(616)-4481 1956 Extension. 

With this background, AFN, Inc. contracted [AF 33.(600)·3574~ .in 
June 1957 to design, build, and operate a five pound per day process 
development plant for the manufacture of an alkyl borane, monoethyl 
decaborane. In the following four years, seven supplemental agreements 
to the original contract were issued. This development activity 
culminated in the design, construction and operation of a fifty pound pe~ 
day pentaborane plant at Henderson. 

Volume One of the Final Technical Documentary Report presents a 
preliminary design for a large scale borane plant and is in essence a 
SUilllllation of the knowledge gained over the entire program. Detailed 
information concerning the various developmental phases as they were 
carried out can be found in the other four volumes; it is this informa· 
tion whi~h provided the basis for the final plant design. 

A number of processes are essential to a fully integrated borane 
plant such ss hydrogen and boron trichloride manufacture. and recycle of 
by-product hydrogen chloride. These operations were not under study in 
this project; therefore only general requirements are expressed in thia 
report. Detailed information is presented for the three major atepa 
involving boranes: 

Step I Diborane Production 
Step II Pyrolysis of Diborane to Produce 

Decaborane (or Pentaborane-9) 

Step UI - ~H.kyl.ation of Decaborane 

-1-
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While the initial AFN process for makins diborane involved the 
preparation of sodium borohydride from metallic sodium, the presently 
recommended method aa demonstrated in the pilot plant utilizes the more 
direct and economical process of the catalytic reduction of boron tri­
chloride with hydrogen. Chemically, the process involves only two 
reactions: 

+ BCl3 Silver Catalyst BHCl2 
Dichloroborane. Boron Trichloride 

6BHCl2 - B2H6 + 
Dicbloroborane Diborane 

4BC13 
Boron Trichloride 

+ HCl 
Hydrogen 
Cblori'cle 

Side reactions are minor and can be controlled to produce high purity 
diborane in excellent yields. 

Diborane, when pyrolyzed, forms a mixture of higher boron hydrides. 
The reactions can be controlled to provide a reactor effluent rich in 
the desired boron hydride, pentaborane-9 or decaborane. While a aeries 
of complex reactions are involved in diborane pyrolysis, the desired net 
reactions are: 

5B2H6 
Diborane 

Heat -
2BsHg + 6H2 

Pentaboraae Hydrogen 

B10H14 + 8H2 
Decaborane Hydrogen 

A petroleum refinery type of operation ia employed to separate the 
desired product and permit recyclins of the lower molecular weight 
boranea to the pyrolysis reactor. 

Finally, decaborane in cyclohexane solution is readily alkylated 
at moderate temperatures and pressures using aluminum chloride as a 
catalyst: 

BlQH14 + B.Cl AlCl1 BB1QH13 + HCl 
Decaborane Alkyl Chloride ,.Monoalkyl Decaborane Hydrosen Chloride 

The reaction mixture ia fractioned at reduced pressures to limit 
reboiler temperatures and thua minimize dearadation of the alkylated 
product. Decaborane, cyclohexane, and aluminum chloride contained ia 
the reactor effluent are separated and recycled to the continuous 
alkylator. 

This volume reports the fulfillment of AFN 1s contractual obliaation 
"to determine and reco~~~~~end the moat desirable sized pilot plant aaenable 
to the process under investlption" and to submit a preliminary deaign. 

-2-
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A diborane plant size of 12 tons per day was selected because it avoids 
duplication of major items of p~oceas equipment t.o obtain the needed 
throughput, and yet achieves most of the economics accruin& to large 
scale operation. Other plant elemenr.s are sized to this output. 

This total report consists of five (5) volumes, viz.: 

I. (U) Preliminary Design for a Large Scale Borane Plant 
II. (U) Theory of Diborane Pyrolysis 

Ill. (U) Process Development for Diborane Production 
IV. (U) Process Development for Diborane Pyrolysis 
V. (U) Process Development for Decaborane Alkylation 

Volumes I, III, IV and V are security classified CONFIDENtiAL. 

INtEGRAtED PRQ9ESS DESCRiptiON 

The integrated process for the production of HEF-3 is represented 
schematically in Figure 1. It consists of the plant elements discussed 
in this report, enclosed within the dotted outline, together with 
facilities for the recovery of recycle streama and the production of the 
feed stocks required. Large quantities of feed materials and their 
handling problems inherent in their transportation and storage make it 
particularly advantageous to produce them in an integrated unit. 

Hydrogen is prepared with a standard unit employing the steam-methane 
reaction at elevated temperatures and nominal pressures. 

Boron trichloride is produced using proprietary process information 
developed by American Potash & Chemical Corporation as a commercial 
producer of this and other boron chemicals. Process information developed 
in the HEP Program by other contractors will also be evaluated and may be 
used. Borax and recycle borane solids are used as feed materials aloaa 
with chlorine recovered by a standard commercial process from by-product 
hydrogen chloride. Initial and make•up amounts of chlorine will be 
purchased. 

Ethyl chloride required in the alkylation of decaborane is produced 
by reacting by-product hydroaen chloride with denatured ethanol to form 
the alkyl chloride and water. The product is then distilled and dried. 
Make-up amounts of cyclohexane are required aa solvent in Step II. 
Facilities for drying purchased material to leas than 20 ppm water are 
included in the integrated plant. 

uf~CLASSlFIED 
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COr-AL 
DESIGN CRITERIA 

1. Plant Ctpacity and Pr9ducts 

The plant size of a nominal 9.5 tons per day of boron hi&b enersy 
fuel products was selected on the basis of achieving economies in opera• 
tion without duplication of major equipment items. A larser plant would 
require some du~lication of equipment and would not achieve aisnificantly 
lower operatins coats. A amaller plant would require eaaentially tbe 
same operatins personnel and, therefore, have aisnificantly hisher 
opera tin& coats. 

This deaisn provides for production of diborane which in turn ia 
pyrolyzed to yield either pentaborane-9 or decaborane aa a major product. 
The pyrolyais plant design permits either decaborane or pentaborane·9 to 
be produced in a sinsle plant facility. In addition, it includea a atep 
for the production of ethyl decaborane from decaborane. The production 
ratea of tbeae product• and their puritiea alons witb tbe by•producta 
produced are listed below. 

Step I - Diborane Plant 

B2H6 Production Rate 
B2H6 Purity 
Yield of ~H6 on BCl3 
HCl Production Rate 
HCl Purity 

Step II - Pyrolya~a Plant 

11.9 tona/day 
99'%. ( adniiiiUIIt) 
95'%. 
99. 6 tonal uy 
99'Z. (mini.,.) 

a. Prodysts puripg Pentaboraae-9 iroductiop 

B5H9 Production Rate 
s5ag Purity 
Yield of B5Hg on B2K6 
B1oH14 Production Rate 
s10s14 Purity 
Yield of B1oH14 on B2H6 
Boron Polymer Production Rate 

9.5 tons/clay 
99. 8'Z. (adniiiiUIIt) 
87 .4'Z. 
0.56 ton/day 
99'Z. ( miniliiUIIl) 
5.41. 
o. 68 ton/clay 

b. Prodysts pyring Decaberane tr9ductigp 

B1oH14 Production Rate 
B1oH14 Purity 
B10H14 Yield on B2H6 
Boron Polymer Proauction Rate 

c 0 

9.2 tona/clay 
99'Z. (minimWII) 
87.2'%. 
1.2 tons/day 

LJNCLASS~FIED 
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Step III • Alkylation Plant 

HEF-3 Production Rate 
HEF·3 Yield on B1oH14 
HCl Production Rate 
HCl Purity 

H!F•3 Specification 

Heating value (77°P.) defined 
as yielding liquid a2o3 and 
H20 vapor. 

Specific Gravity (77°F,) 

Viscosity (77°P.) 

(-4o•r .) 

Vapor Pressure (77°F.) 

Freezing Point 

Storage Stability 

Pyrophoricity 

Boiling Point at 1 atm. 

Chemical Analysis 

Color 

II, Raw Material! 

9.4 tons/day 
98.51 
3.2 tons/day 
96. 01 (aiDiiiUIIl) 

ASD-TDB.-62·1025 
Volume I of V 
June 1962 · 

min. 2S,SOO B.t.u./lb. 
noaa. 25,800 B.t.u./lb. 

min. o.so 
nom. 0.82 

max. 9 Cll 
nom. 7 ca 
1118X. ISO cs 

max. 0.8 psi& 

·76•r. 

Zero solids formed after 6 
months storage in an in~t 
at1110sphere at temperatures 
froa -6s•r. to+ 13o•r. 

Non•pyropboric from ·6S•r. to 
+ 13o•r. · 

min. 468°F. 
1118x. s1o•r. 

min. boron 63 wt. 'l 

Water white 

Raw 1118terial specifications for the plant design presented in this 
report are itemized below. 

1. Borop Trichlgride 

BCl3 
Phosgene 
Chlorine 
Silicon 

99.7'1 minimum purity 
0.101 maximum 
0. lQ'l IIISXiliiUIII 

300 ppm maxilllUIII 
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2. Hydroun 

3. Cycloheune 

99.9~ minimum purity 
< •97"P. 
5 ppm maximum 

c6a12 981 minimum purity 
Commercial grade 
Dried to lesa than 20 ppm water 

4: Alumipum Chloride 

Commercial grade through 40 me1b 

5. Ethyl Chloride 

USP Grade 
Dried to lea• than 20 ppm water 

lii. Plant Location and L&yout 

The moat desirable location for this plant facility is the aoutb· 
we1tern United St1tes, specifically southern California or 1outhera levada. 
Factors included in this selection in d•acending order of importance 4r­
aa follow•: 

1. Proximity to raw material sources. 

2. Availability to railroad facilities. 

3. Availability of water, electric power, fuel and mean• for 
disposal of wastes. 

4. Exi1tence of an operating organization with experience in 
the processing and handling of boron hydrides. 

5. Manpower availability. 

6. Isolation for safety, security and avoidance of nuiaance. 

7. Favorable topographic and climatic conditions. 

8. Availability of large land areas. 

The plant layout will allow for separation of administration service•, 
warehouaing facilities, raw materials receiving facilities, proce1sins 
areal, procea1 1tor1ge, final product loading facilitie1, maintenance 

-8· 

CU''DEA II{ 

uNCLAS :FlED 

• 



uNCLASSIFIED 

CON~AL 
ASD·TDR· 62·1025 
Volume I of V 
June 1962 

vacilitiea and waste disposal. Processing units within the proceating area 
will be further divided to permit isolation of each processing step. The 
degree of separation of areas will be dictated by the flammability and 
toxicity of raw materials, products and process streams. 

IV. Safety 

Because boron hydrides are toxic, pyrophoric and have wide explosive 
limits their processing and handling must be considered hazardous. It is 
notable, however, that in the AFN process none of the process streams 
except those in the final concentrating equipment, the storage vessels and 
the feed to the pyrolysis step are sufficiently concentrated to warrant 
unusual design treatment beyond that normally accorded hydrogen and fl~ 
mable aolvents. the hazards associated with the materials processed are 
as follows: 

Flammable 

Pyrophoric 

toxic 

Corrosive 

Hydrogen, ethyl chloride, dichloroborane, 
diborane, pentaborane, decaborane, natural 
gas, cyclohexane, HEF·3 

Dichloroborane, diborane, pentaborane 

Boron trichloride, dichloroborane, diborane, 
pentaborane, decaborane, ethyl chloride, 
hydrogen chloride, HIF·3 

Boron trichloride, dichloroborane, hydrogen 
chloride 

Certain provisions are therefore made for safe operation. 

1. In virtually all equipment, operating pressures are positive 
to prevent entrance of air or water vapor and to insure that 
any leakage is outward. Under this condition, internal 
explosion due to admission of air into equipment cannot occur. 

2. "Outdoor" type of construction greatly reduces the hazards of 
exposure of personnel to toxic gases and pockets of flammable 
materials. Equipment handling potentially explosive material 
should not be barricaded to such a degree that natural venti­
lation is reduced. Toxic concent~ations, or large concen· 
trations of pyrophoric or flammable materials, are thus 
reduced to a minimum. 

3. the process system must be leaktight and must be preaaure 
checked at normal operating temperatures. 

·9-

CONFipeyrii"AL 
r 
uNCLAS~lFIED 



ASD·TDR- 62 ·102.5 
VolUH I of V 
June 1962 

uNCLASSIFIED 

c 0 :;-· I £A T I A L 

4. Normal process pressures range from a vacuum in the alkyla· 
tion step to 300 psis pr~ssure in the diborane step. Any 
excess pressure is relieved through a destructive scrubber 
and incineratin& equipment to atmosphere. All vessels con· 
tainin& potentially explosive materials are protected with 
two parallel rupture discs and one safety relief valve. 
One rupture disc, backed up with a relief valve, is set to 
relieve at 80 per cent of the vessel design rating. This 
permits momentary and sli&ht overpressures to be relieved 
without causin& shutdown of the vessel. The parallel 
rupture disc is set at approximately 50 per cent hi&ber 
and operates only when excessive pressure is generated as 
by fire or explosion. 

All other vessels are furnished with a bursting disc and a 
back-up relief valve. 

All vessels are to be constructed to meet ASHE ~ode speci• 
fications and are to be hydrostatically tested to withstand 
pressures of one and one-half times design ratings. 

Special steel alloys are specified for vessels to be used at 
temperatures below -2o•r. This precaution is intended to 
avoid embrittlement and possible fracture of the metal if the 
equipment is subjected to a sudden, sharp impact. The lowest 
temperature of any process stream is -96°F • 

.5. Header lines to the destructive scrubber and incinerator into 
which the vessel safety reliefs and blowdown vents are aain· 
tained under a constant purge of nitrogen to prevent air and 
moisture admittance. All of the gases vented from the diborane 
step pass into a destructive scrubber through a caustic solu· 
tion to neutralize acid materials before being vented through 
an incinerator to atmosphere. Vented material from other 
sections of the plant not containing acid materials passes 
through a liquid seal directly into an incinerator before 
venting to atmosphere. In case of gain or loss of pressure in 

' 

.. 

• 

• 

the header systems due to any excess relieving, the nitrogen • 
purge is increased. In this way, any ruptured lines or vessels 
have nitrogen gas issuing from them into atmosphere preventing 
air from entering back into the equipment. 

6. Diborane and pentaborane storage vessels are located away from 
the plant at appropriate distances from other equipment to 
conform to quantity-distance relationships as recommended by 
the u. S. Army Ordnance Manual on explosives. Barricaded 
enclosures would be avoided to permit natural ventilation. 

-10-
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7. Enclosed operating panels for the plant are located upwind 
of normal prevailing winds and out of immediate process areas 
giving operators enough time to put on air masks or leave the 
area in the event of fire or sudden release of liquids or 
gases resulting from any equipment failure. 

8. At every level of the operating structures and throughout the 
plant at grade level, air hoses are mounted for immediate 
connection to air masks. 

9. Two avenues of escape are provided on all structures handling 
process materials: an external stairway or ladder and a 
fireman's type escape pole (SO ft. maximum length per section) 
for emergency use. 

10. The plant area must be restricted and only authorized personnel 
permitted entry. No smoking or open fires will be permitted 
except in designated areas. Explosion-proof motors and push­
button stations must be used throughout the plant. Switchgear 
in and around control rooms may be of non-explosion proof 
construction if located remotely or if a constant fresh &ir 
supply is forced into the room by blower to prevent flammable 
concentrations of gases in case of nearby leaks or spills. 

11. Fire extinguishers must be located at all platform levels in 
structures and at grade level. In addition, several water 
hose stations must be located near each processing area. 
Storage areas will be sprinklered with activation by automatic 
fire sensors. It is noted, however, that no proven fire 
extinguishing agent exists for boron hydride fires. The best 
fire fighting procedure involves isolating the source of 
burning material from the fire and keeping the intensity of 
the fire down with available fire fighting equipment. 

These eleven points will produce satisfactory, safe working conditions 
for both operators and equipment. Additional safeguards, such as fire and 
explosion sensors and alarms, can also be uaed in critical areas as addi­
tional safeguards. 

y, General Desisn Specifisa,ions 

As a means of assuring quality of materials and construction, nationally 
recognized codes and standards are to be utilized in the design of equipment 
and in the specifications for materials, equipment and services purchased. 
In addition, inspections are to be performed in the vendors' shops during 
fabrication and in the field during con-struction to inaure conformance to 
those requirements. 
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The codes and standards to be utilized include the following: 

ASHE Unfired Pressure Vessel Code, Section VIII, latest revision 

ASA Code for pressure piping, latest revision 

TEMA (Tubular Exchanger Manufacturers Association) standards 

National Electric Code 

NEHA (National Electrical Manufacturer's Association) stan~rda 

ASTM (American Society for Testing Materials) standards 

Underwriters Laboratories standards 

American Concrete Institute's code for reinforced concrete 

American Institute of Steel Construction specification 

Applicable state and local codes 

PROCESS DESIGN 

1 1 Dikgrape ptoduction (Step I) 

Diborane is prepared from boron trichloride and hydrogen accordin& to 
tbe followin& reactions: 

Silver Catalyst 
BHC12 + HCl 

6BHC12 - B2H6 + 4BC13 

Tbe anhydrous hydrogen chloride produced as a by-product is recycled 
for the production of boron trichloride. 

The process may be divided in principal phases aa follows: 

A. Hydrogenation of Boron Trichloride 
B. Separation of Reactor Products 
c. Diaproportionation 
D. Hydrogen Chloride Recovery 

These process steps are shown in the flow diasram presented in Fisure 2 
and material balance data are given in Table 1. 
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TABLE 1 

pibotane Production (Step I) Material Balance 
(moles/hour) 

Stream 

treah BCl3 Feed 
Recycle BC13 Feed 
1otal BCl3 to Reactor 
Fresh Hz Feed 
total Hz to Reactor 

Reactor Charge 
Reactor Products 
Recycle Stripping Hz 
•bsorbent to Primary Absorber 
trimary Absorber Bottoms 

"J:otal Strippins Hz 
Primary Absorber Overhead 
Total Feed to Secondary Abe. 
Absorbent to Secondary Abs. 
Secondary Abe. Bott01118 

Secondary Abe. Overhead(a) 
total Gaa to Hz Co.pressor 
Total Prefract. Feed 
Total Prefract. Bottoma 
Prefract. Bottoms to Reactor 

(a) May contain 1Z.6 mph 8Cl3 
stripped from absorber 

Stjeam 
o. 

1 
z 
3 
4 
5 

6 
7 
8 
9 

10 

11 
lZ 
13 
14 
15 

16 
17 
18 
19 
zo 

Hz Bz~ HCl BHClz 

ZZ8 
3,4ZO 

3,4ZO 
3,190 ZZ8 ZZ8 
6,440 8,3ZO 18,850 

42 ZZ8 

1,400 
4,550 ZZ8 
4,575 Z77 

Z8 Z17 

4, 5"50 
4,550 

4Z Z53 

BCl3 

75 
1,065 
1,140 

1,140 
91Z 

106,900 
3,490 
3,530 

883 
884 

4,950 
5,780 

. 3,930 
4,100 

181 

Total 

75 
1,065 
1,140 

Z28 
3,4ZO 

4,560 
4,558 

140,510 
3,490 
3,800 

1,400 
5,661 
5,73~ 
4,950 
6,085 

4,550 
4,550 
4,ZZ5 
4,100 

181 

n 
0 
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TABLE 1 (Cont.) 

Piborane Prody;tion CStea il Material Balance 
(moles/hour) 

Stream ~ BzK6 HCl 
Stream Nn 

Prefract. Bottoms to lC-1 & lC-8 21 
Disproportionator Feed 22 41.9 .54 • .5 
Disproportionator BottPIIIB 23 
B2H6 Absorber Feed 24 41.9 54 • .5 
BzB6 Liquid Product 25 3.5.84 

Total HCl Fract. Bott01118 26 
BCl Fract. Bottoms to Reactor 27 
~1 Fract. Ohd. Vapor Product 28 28.0 49.0 
HCl Liquid Product 29 228.0 
Absorbent to B2K6 Abe. 30 

BzH6 Absorber Bottoms 31 .54.6 
BzH6 Absorber Ohd. Vapor 32 42 

BHCl2 BCl3 

3,918 
2.53 253 
2.5.2 406 

.5,780 
884 

4,200 

420 

Total 

3,918 
602.4 
431.2 
96.4 
35.~ 

.5,780 
884 

77 
228 

4,200 

474.6 
42 

n 
0 
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A. Hydrogegattpg of Boron Trichloride 
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The design of the reactor section ia baaed on several factors derived 
from laboratory and prepilot plant data and confirmed by pilot plant 
experience: 

1. The reaction at 1275°1. ia rapid in the presence of 
silver aa a catalyst. The reactor ia deai&Qed with 
a residence time of 0.5 second. 

2. Silver, in addition to acting aa a catalyst, ia 
utilized as a material of construction for equip­
ment items handling hot hydrogen-boron trichloride 
mixtures, which are extremely corrosive toward the 
more usual materials of construction. In addition, 
hydrogen and boron trichloride are premixed before 
heating above soo•r. inasmuch aa hot boron tri· 
chloride by itself can be corrosive to silver. 

3. At a hydrogen to boron trichloride ratio of 3:1, 20 
per cent of the boron trichloride fed to the reactor 
is converted to dichloroborane at a temperature of 
121s•r. Hi&her boron trichloride conversions can be 
obtained at higher hydrogen to boron trichloride ratios, 
e.g., 39 per cent at 14:1, but such con~itions are 
economically leas favorable because of the inordinately 
greater volumes of gas to be·handled. Slightly higher 
conversions can also be obtained at hi&her temperatures, 
but at an increasing danger of converting so.. of the 
boron trichloride to elemental boron and of damaaing 
the silver (melting point 1760°1.). 

4. The reactor effluent is rapidly cooled to "freeze'' the 
favorable equilibrium existing at high te.,eratures. 
Slow cooling would permit back reaction, aerioualy 
reducing the conversion. 

In practice, make-up boron trichloride is added to that recycling 
from the separation section of the plant, and after passing through a 
polishing filter (lV·l) is mixed with recycle hydrogen from the top of 
the secondary absorber (lC-2). A compressor (lK·l) provides the energy 
to move the hydrogen and boron trichloride throu&h the reactor section 
which operates at approximately 200 psig. The reaction mixture proceeds 
throu&h exchangers (lE-1 and lE-2) where heat exchange with the reactor 
effluent vaporizes the boron trichloride and heats the reactant gases. All 
parts of exchanger lE·l exposed to process gases are lined (not plated) 
with l/16 inch silver. The gas mixture is filtered prior to entering this 
exchanger to insure a clean feed to the reactor. A combination preheater· 
reac tor (lF-1, 1F·2),gas·fired, brings the reaction mixture up to a 
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temperature of 127S°F. and holds it there for the Tequired 0.5 aecond. 
While both the preheater and reactor are silver lined, only the reactor 
contain& ailver catalyst acreens. 

The silver lined exchanaer (11·1) providea rapid initial coolin& of 
the reactor effluent, thus 01freezing" the hi&h temperature equilibriUII, 
and further coolin& ia accoapliahed in exchanaera 1!·2 and 11-4. The 
latter uses plant coolin& water. Performance of the reactoT ia con­
tinuoualy monitored by an infrared analyzer which deterainea the dichloro• 
borane content of the reactor effluent. Thia mixture, cootainina H2, 
BCl3, BHCl2 and HCl in the mole ratio of 2.8:0.8:0.2:0.2, proceeds to 
the separation system. 

I· SJptration of aeastgr Prqdystt 

A physical absorption process which takes advantaae of the subatan­
tial differences in volatility amona hydrosen, hydroaen chloride and 
dichloroborane is utilized to effect the aeparation of the reactor 
prOducts. An important feature which areatly aimplifiea the aystem ia 
that boron trichloride, already preaent aa a reactant, ia uaed aa the 
absorbina medium. 

The cooled reactor effluent, a two-phaae stream, ia fed to the center 
of the pri .. ry abaorber (lC·l). Liquid boron trichloride at 9o•r. and 
160 pais enters the top of the coluan to act aa the abaorbent for 1HCl2 
while hydrosen is introduced at the bottoa to strip out any hydrosen 
chloride diaaolved in liquid coming down the column. Thua the upper . 
section of the primary absorber (lC·l) is a dichloroborane abaorber, and 
the lower aectioo is a hydroaen chloride &tripper. Since upon diapro• 
portionation aix molecule• of dichloroborane fora only one molecule of 
diborane, the effect of contamination of the column bottom& with HC1 1 

which eventually comes out with the diborane product, is multiplied. It 
ia therefore important that the atrippina gas, compoaed of both recycle 
and make-up hydrosen, be free of hydrosen chloride. 

The overhead from the primary abaorber1 containing hydrosen1 hydroaen 
chloride and boron trichloride vapor, ia chilled and fed to the bottoa of 
the secondary absorber (lC-2) which operates at ·4S°F. and lSO paia. 
Again liquid boron trichloride ia the absorbent. Whereaa hydroaen chloride 
passed overhead in the primary absorber (lC•l), it is now abaorbed in the 
secondary absorber (lC-2) at the lower temperature, leavina only hydrosen 
with a small amount of boron trichloride to so overhead. Thia bydroaan ia 
monitored with a purity analyzer which indicate& the effectiveneaa of the 
secondary absorber (lC-2) in removina hydrosen chloride and therefore the 
auitability of this stream for atrippina aaa in the primary abaorber (lC•l). 
The bulk of this hydroaen is recycled back to the catalytic reactor by way 
of compreaaor (ll·i). 
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The bottoma of the primary abaorber (lC·l), containing dichloro­
borane and boron trichloride, are fed to the dichloroborane prefractioaator 
(lC-3). Tbia diatillation column baa two functiona: (1) it concentrate• 
dichloroborane at the top of the column where diaproportionation ia pro· 
moted throuah the maaa action principle, and (2) it providea a pure boron 
trichloride bottoma product which ia uaed aa abaorbent and aa recycle 
feed to the hydrogenation reactor (lF-1, lF-2). 

The column feed alao containa aome diaaolved hydrogen. Aa thia non­
condenaable gaa paaaea through the water-cooled, overhead condenaer it 
carriea with it the diborane formed by diaproportionation and equilibrium 
vapor preaaure concentration• of dichloroboraae and boron trichloride. 
Thia mixture, after being chilled, conatitutea the feed to the diapropor• 
tiona tor ( lC-4) • 

Diaproportionation ia completed in thia column, and diborane ia 
fractionated from dichloroborane (and boron trichloride) to produce a pure 
liquid product which it pumped (1C·6) to refrigerated atorase tanka (1C·7A 
and 1C·7B). The column botta.a .. y contain aome dichloroborane and are 
therefore returned to the prefractioaator (lC-3). 

The rapid polymerization of diborane at elevated temperature• ia 
well known; in addition, pilot plant experience baa i'dicated that 
dicbloroborane may aimilarly polyaeri&e to form aolida containing boron, 
hydrogen and chlorine. For thia reaaon the diaproportionator aection if 
operated at loweat preaaure in the diboran~ plant, nominally 75 paig. 
Thia placea the bottoms temperature of the prefractionator (lC-3) 1 the 
higheat in thia aection, at 176°F. Under thia circumstance very little 
aolida are formed and theae are well controlled by a amall line filter 
in the diacbarge of the prefractionator bottoms pump (lG-3). ·Thia prea­
aure alao eatabliahea the refrigeration level required for the condenaation 
of diborane at the top of the diaproportionator (lC-4) at ·l00°F. Thia 
level of refriaeration ia practical, but decidedly lower temperature• 
would be conaiderably more difficult and coatly to achieve. 

Kydrogen, diaaolved in the prefractionator (lC-3) feed, exita from 
the diaproportionator (lC-4) accumulator aa a non•coadenaable gaa and 
carriea with it diborane vapor. Thia atream ia fed to the diborane 
abaorber (lC-8) where the diborane ia picked up in cold (·4s•r.) boron 
trichloride giving an overhead atream of hydrogen for recycle. Thia saa, 
after compreaaion (1K·2),makea up a portion of the atrippia& sa• for the 
pri.ary abaorber (lC·l). The abaorber (lC-8) bottoms are recycled to 
the prefractionator (lC-3) reflux atream. 
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p, Hydrosen Chloride Becgyery 

The mixture of hydrogen chloride and boron trichloride conatituting 
the secondary absorber (lC-2) bottom. is fed to the hydrogen chloride frac­
tionator (lC-5). Since these compounds are both stable at elevated 
temperatures, the distillation column can be operated at 300 paig, giving 
a bottoms temperature of 28S~P. At thia preaaure hydrogen chloride con­
den••• at l7°P., and high temperature refrigerant (-20°P,) can be u1ed in 
the conden1er. The anhydrou• liquid by-product hydrogen chloride i1 taken 
off to refrigerated storage tanka and is eventually recycled to make boron 
trichloride in an auxiliary plant. The pure boron trichloride bottom. 
from the hydrogen chloride fractionator (lC-5) are uaed both for feed to 
the hydrogenation reactor (lF-1, lF-2) and, after chilling, for abaorbent 
in the secondary ab1orber (1C·2). 

Non-conden•able gaa (H2) vented from the accumulator contain• bydroaen 
chloride vapor and ia therefore fed to the bottom of the 88Condary abaorber 
(lC-2) I 

II. Pentabo;ane/Pecaborans Prodyctiog CSttpt II and I1Al 

A. piborane Pyrqly•i• <Jeep II} 

The pyrolysi1 of diborane involves a seriet of complex reaction•, 
reported in Volume Two, which, in terms of principal product•, can be 
reduced to the following net reactions: 

SB2H6 - 2BsHg + 6H2 

SB2H6 - B10H14 + 8~ 

n/2B
2
H6 - (BHx)n + gll ; x) H2 * 

Other boron hydrides, including tetraborane, pentaborane·ll and a 
number of very active specie• are al1o formed during diborane pyrolyail. 
Pentaborane-9, when allowed to continue reactin& with diborane, forma 
decaborane which, in turn, leads to the formation of boron hydride polymer 
upon further reaction with diborane. 

Thia plant ia designed to obtain maximum conversion of diborane to 
either pentaborane-9 or decaborane, depending on the product in greateat 
demand, under slightly different conditions of operation. AI a necessary 
corollary, the production of borane polymer, which can be utilized only 
by recycling to an early atep of the integrated proceaa, ia held to a 
minimum. 

* For material balance purpose• in this report, 
n • 10 and x • 1. 

.. 
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Material balances for both the pentaborane-9 and the decaborane 
operations are presented in Tables 2 and 3, respectively. Figure 3 
shows the process flows. 

Maximum yield of the desired product is obtained through the selec· 
tion of appropriate operating conditions for the reactor (2R·l). Since 
this is the only equipment item in which such conditions exist, it is 
essential that pyrolysis be avoided in other units. This objective is 
accomplished by (1) rapid quenching of the reactor effluent to 100°F., 
at which temperature the pyrolysis rate is negli&ible, and (2) aeparatin& 
the unreacted diborane and lower intermediates, such as tetraborane and 
pentaborane-11, from the reaction products at low temperatures in the 
final purification steps. Cyclohexane, which is virtually inert in the 
pyrolysis system, is used as a carrier solvent and quenching medium. 
Since it is also the solvent used in alkylation of decaborane (Step III), 
the pyrolysis plant produces a 20 mole per cent cyclohexane solution of 
decaborane. If a solid product is desired, this solution is processed 
in the decaborane crystallization unit (Step IIA). 

Step II is comprised of three elements: 

1. Pyrolysis 
2. Separation of Pyrolysis Products 
3. Diborane Recovery froa Hydrogen Off-Gas 

These are discussed in detail for the pentaborane·9 procesa~ and then 
the significant differences in the decaborane process are pointed out.· 

1. Pvrolvais 

The reactor conditions established for tbe production of penta• 
borane•9 are the followins: 

Temperature -
Pressure -

Reacto~ Retention Time* -
B2 H6 in Feed Gas 

soo•r. 
75 psig 
2 seconds 
12 mole per cent 

A preheater (2E-1) raises the temperature of the recycle saaea 
going to the reactor (2R-l) to 200°F. Following the addition of fresh 
diborane feed from Step I, the gas mixture enters a jacketed reactor 
where the heating cycle is rapidly completed. Heat is furnished to the 
jacket by means of a hot Aroclor (TM, Monsanto Chemical Co.) circulatin& 
system. During the two second reactor retention time a small increment of 
pyrolysis takes place after which the reactor effluent is quenched by a 
90°F. stream, predominantly cyclohexane, from the phase separator (2PB•l). 

* At reactor conditions. 
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The combined liquid-gas stream passes through a heat exchanger (28-2) to 
cool it back down to 90°F. and then discharges into the phase separator 
(2PH·l). React.or recycle compressor (2K-l) sends the gas stream from 
the phase separator back through the reactor, while the liquid is 
recycled as quench liquor by a pump (2G-l). The pyrolysis products 
accumulating in the liquid phase are continuously drawn off in a small 
stream fed to the separation section. 

Since hydrogen is generated in the ~yrolysis reactions, the 
pressure of the reactor system tends to rise. However, a pretaure con­
troller relieves gas from this section to the diborane abtorber (2C-l) 
where the borane values in the gas are recovered. 

2. Separation of Pyrolysis Products 

Liquid withdrawn from the recirculating reactor liquid stream 
is centrifuged (2V-l) to remove the small amount of insoluble borane 
polymer formed in the reactor and then fed to tbe B2 stripper No. 1 
(2C-3). Here stripping hydrogen from the Bz absorber (2C-l) strips 
diborane and a small amount of tetraborane from the stream at 5 paig 
and 1oo•r. The off-gas from the stripper is added to the process 
recycle gas stream, which is compressed (2K-2) and returned to the 
reactor system. The bottoms liquid is fed to Bz stripper Ho. 2 (2C~4) 
operating at 120°P. and 5 psig. In this column moat of the remaining 
tetra~orane and also pentaborane-11 are removed from the liquid. This 
action is facilitated by the reconversion of pentaborane-11 to tetra­
borane and diborane according to the equilibrium reaction: 

B2K6 + 2B4H10 ~ 2BsHU + 2Hz 

Removal of diborane and tetraborane1 both more readily stripped t~n 15a11, 
as well aa the presence of excess hydrogen from the stripping gas, keeps 
tbia reaction proceeding to the left. The overhead gas from this columa 
it also added to the process recycle gas stream, 

The bottoms liquid from Bz stripper No. 2 (2C-4) is fed to the 
15 distillation column (2C-5) which provides a bottoms stream of deca­
borane dissolved in cyclohexane containing no pentaborane-9. This ttream, 
after beina centrifuged (2V-2) to remove any additional solids which may 
have formed, is fed to the C6 distillation colwan (2C-6) to make the 
desired final clecaborane solution of 20 mole per cent. The overhead 
fro. this column, pure cyclobexane, is used as wash solvent for the varioua 
centrifuae cakes and as part of the absorbent in the diborane absorber 
(2C-l). 

The overhead of the B5 column (2C-S) is 30 mole per cent s5a9 in cyclohexane and is fed to the 15 concentrating column (2C-7). Bere 
the remainina cyclohexane is separated as a bottoms product which is 
recycled to the Bs column (2C-5) for recovery of ita BsHg content. The 
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Reactor F-d 
Liquid Recycle to Reactor 
RNctor Recycle Goa 
Rea- t..lquid 
RNctor Gas to Abao•ber 

Liquid to StriPI'er Ho. 1 
Gas to Stripper No. 1 
Liquid from Stflpper No. 1 
Goa from Stripper Ho. 1 
Go• to Stripper No. 2 

Liquid from Stripper No. 2 
Go• OH Stripper No. 2 
Ga• OH 8 Dial. Column 
Ovelhead ftquld a5 Dl•t• Col 
Bottom• 8 5 Dlat. Col. 

Bottoms from C6 Columft 
Ovelhotod Goa C CoL 
Ovelhead t..lqul1~ Col. 
0¥er11Hd Goa 85 Cone. Col. 
Bot-• 8 5 Colle. Col. 

0¥erhead Llq, 8 5 Colle Col. 
Bottoms 8 5 Prod, Col 
Overhead Goa to Flare 
9, 12, 13, 17, 19, 32 Recycle 
Goa Off 1st K.O. Pot 

t..lquld Off ht K.O. Pot 
Ga• Off 2nd K.O. Pat 
Liquid from 2nd K.O. Pot 
Ab•orbor Off Goa 
Absorber t..lquld Out 

Absorber Liquid from Stripper 
Strlppot Off Gas 
Sttlpplng Gas to A.ba- Stripper 

~HJ,.Ftesh Food 
I raduct Out 

STREAM 
MQ 

I 
2 
3 

"' 5 

6 
7 
8 
9 

10 

11 
12 
13 
1.4 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

31 
32 
33 
34 
35 

TABLE 2 
PEHTABORAHE PRODUCTION (STEP II) 

Material Balance 
(•.tailor) 

Hz &A BJtg 8"'"'o BJtn 

35.85 
0.65 5;43 0.43 0.07 o.l8 

4754 612 20 4 8 
1.20 5.17 14.62 0.61 0.88 

104.99 13.42 OA5 0.07 0.19 

1.20 5.17 14.62 0.61 0.88 
18.18 0.07 
0.22 0.18 14.24 0.54 0.86 

19.16 5.06 0.38 O.D7 0.02 
18.18 0.07 

0.22 0.06 13.57 0.11 0.16 
18.18 0.19 0.67 0.43 0-70 
0.57 0.04 6.31 0.01 
0.02 0.02 13.28 0.05 0.07 

0.05 0.39 o.oz 

0,02 
0.12 
OM 0.02 0.60 

0.04 

0,01 0.01 12.55 
12.53 

0.01 0.01 0.02 
54.57 18.46 1.98 0.09 O.Ool 
54.56 18.34 o.n 0.07 0.02 

o.m 0.12 1..21 0.02 0.02 
54.55 18.21 0.16 O.Ool 
0.01 0.13 0.61 0.03 0.02 

52.91 0.16 
1.9( 16.27 1.29 0.20 0.51 

0.65 0.19 0.83 0.12 0.34 
15.19 10.70 0.03 0.01 0.02 
14.54 0.06 

Bu:l''"' <BttxJto G!"tt CJtu 

0.01 326.43 
8 210 
6.37 0.37 338.69 

4.66 

0.37 338.69 
0.25 

0.37 333.88 
5.06 
0.25 

0.37 326.18 
7.95 
0.31 

28.82 
0.10 297.06 

0.38 0.01 1." 
0.02 

0.01 295.-«8 

0.01 0.07 28.81 

0.01 0.25 
0.01 0.01 

0.24 
17.20 
3-86 

13.34 
0.39 
3.47 
0.84 

0.02 978.05 

~-54 
3.78 
0.21 
2.90 

us 

TOTAL 

35.85 
333.20 

"16.00 
361.91 
123.78 

361.54 
18.50 

350.29 
29.75 
18.50 

3..(0.67 
28.12 

1.24 
42.26 

297.62 

1.95 
0.01 

295.61 
1.86 

28.93 
12.83 
12.55 
0.28 

92.34 
77.62 

14.72 
73.35 
4.27 

53.91 
998.28 

650.67 
29..73 
f4.81. 
2JIO 
0..48 

n 
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STREAM 
NO. 

Rooc'lol' Foeti 1 
Liquid R•crclo to Reacto• 2 
RoactcM Rocrc I• Ga1 3 
RoactCN' Liquid "4 

~ ReactCN' Gas to Abso•bor 5 

~ 
Llqllld to Stripper No 1 6 
Gas to Stripper No. 1 7 

~ Llqllhl foo"' Stripper No.1 8 
,.. Gas from Stripper No. I 9 

1-
Gas to Stripper No 2 10 

~ Liquid fr- Stripper No 2 11A 
Gas Off Stripper No. 2 lZ 

~ 8 5 Cone. Col, OYhd. Ga1 19 
8 15 Cone. Col. Bo-• 20A 

~ 
8 5 Cone:. Col. OYhd. L<q. 21 

8o-s 1 5 Prod. Col. 22A 
Ovhd, Gas to flo•• 23 
9, 12, 19, 32 Ga1 Rocrc lo 24 
Gas OH ht K.O. Pot 25 
Llq11ld Off lot K.O. Po' 26 -,., - Ga• Off 2nd K. 0 Pot 7J 

N 
Liquid Off 2nd IC.O. Pot 28 

..... Absorblt-OifGos 29 • Abr.om.. Liquid Out 30 
Abaodr.or Llq1dd fror11 Stripper 31 

rn 
0 

Stri....- Off Ga• 32 
Strtpplnt Gas to Abo. St•lpp01· 33 

c•"J" ,, .. h , .. d 34 
kll rotluct 35 
DHa to Crratalliaatlon 36 

TA.BLE 3 
OECA.BORA.NE PRODUCTION (STEP 10 

Material Bolcmce 
(.....,..) 

~ &A BJfg BJfto B!l't I 

35.85 
0.06 0.41 3.18 0.03 0.15 

"4750 608 215 3 8 
0.145 0-321 14.62 0.045 0.622 

110.23 14.15 5.00 0.07 0.19 

0.145 0.321 14.62 0.045 0.622 
18.18 0.07 
0.01 0.015 14.16 0.04 0.61 

18.285 0.376 0.36 0.005 0.012 
18.18 0.07 

0.142 0.024 13.57 0.116 
17.066 1.32 0.69 0.008 0.004 
3.20 0.15 0.286 

0.002 
0,13 0.01 12.658 

12.64 
0.13 0.01 0.02 

53.74 15.69 3.02 0.05 0.06 
53.73 15.52 6.92 0.04 0.03 
0.01 0.17 2.10 0.01 0.03 

53.72 15.39 0.22 0.02 0.01 
0.01 'D.l3 0.70 0.02 0.02 

58.55 0.17 
2.10 13.!18 108.00 1.01 5.10 
1.39 0.14 106.18 0.97 5.06 

15.19 13.84 1.82 0.04 0.04 
14.Si 0.06 

B,Jt,. (Bflx)to C!1'12 C,JI,, 

23.00 
215 

6.26 o:49 26.25 
5.00 

6.26 ~.25 
0.25 

6.26 25.30 
1.20 
025 

6.26 23.69 
1.86 
0.007 

6.26 0.37 23.00 
0.683 0.25 

0.683 0.01 
0.01 0.24 
&32 
3.90 
2;42 

0.39 
3.51 
0.86 

782.00 
758.79 

3.25 
0.21 

26.10 
0,86 

6.26 25.04 

10TAL 

35.85 
26.83 

5584.0fl 
"48.312 

134.64 
'48.263 
18.50 
46.525 
20.238 
18.~ 

'43,802 
20.948 
3.9 

29.632 
13.731 

13.333 
0.41 

78..88 
74.14 

4.74 

69.75 
... 39 

59.58 
912.19 
812.53 

34.18 
14.81 
26.10 

0.86 
31.30 

~ 

' II 

r 

c. 
z 
("') 

s;: 
U".. 
(/) , -(T1 

0 

http:OECA.BORA.NE


~ 

-

2C·9 
CVCU)WUAIIIl 
MAICf • UP TANK 
10.000 GAL. 

I 

r-

I 

-...... 

i 
I . 
i 

uNCLASS\F\ED 

t 

A 
v 

1) 

.~ 

'j.~:dOL'fil~ ~t•A<TOI:t 
!;<40 r.V, >'T. 
.DLIT'(· IIMMaT"LI/H12 

H·l 
llfCYCL£ 6AS PTlE'14£ATE:Il 
PUTY • 7 MM 1!TV/till. 

2ll> 2 
QL/(NCI< COOI..EQ 
DUTY· 18 Mill rtrU/142 

~ 
~ 

Vt!dm:l 

r=== 

"""' 

/~ 

"=r= 
.. . 

~"" 
Wl3 

LQ_ 
~ c, F"RE':iw >££0 
PuMP 

. 

·--

tJNCLASS!FIED 

~ 

2P>I•I 

11.£J>.C TOll PHASE 
SEPAII.IITOiil 
4000 6AI. 

t j 
r----~ 

' 

7 

-"' ., 

4 

-

Q 

2G·I 
ll.£'1CTCI: L•OIIII:> 
Q&:,'I'CI.i PIIMP 

~ 

f. 

~ 

~ 

3 

-

. ..... 

-- -
---

2K ·1 
1!£AC:f011 I 
,,U CO..Pf 



2E'·3 

2<'.·1 
8 1 ABSOii!B£11. 
40 PtA'T"IiS 
..... • ro' 

c, "•& MAIC[ • UP 
FE'E'O COOU:Q 
DIITY· IMiTIJ/Hil 

UNCLASSIFIED 

GAS t£C.YC~; COM• 
2f·lll ~I!.ESSOR K.O. PoT 
--- ~00 OAL. 

~;o~:!~t:FF .li.:..!L 
DUTY· 211>13TV/UII I>IIOCii"S~ 111iC.YCL£ 

&A'li I'FTE"Il COOlER 
DUTY· tOO l'ol 8TV{Hf/. 

4SSORaUIT 

. (' 

~ 

A 
v 

r 
le-

~ p 

~ 
'-4S ~e'n E eollf. 
PtrSSOI! I(O. POT 
i.OQ OAI. 

..fi:..!L.. 
PfiOCfSS I 
'AS PilE• C 
ourr- 120 

~~ 
"F" 0' 

~ 
<: 

L ' e-~ 
~ / 

•. !8 

I 
I ••• (;) I 

I 

i9 ~ 
"¥ --~~~--~~~·--· ___ <?~e-I----1-4------~L--1----I--------------I---

------------j----l--+------1----1---------l 
I r . -~--l-------------l-~---------l---------------l--------------l·----r---·1------~ 

- ------------1---1--------- ---·1---------

.11(-1 
R[ACTOil IIEeYCL£ 
&AS <.OMPR£SSOil 

~ 
t<O. POT 
I..IQIJOR PIIMP 

~ 
ABSO«.IiNT 
QtCVCU PUOIIP 

.E.:.L 
P.I!OCiiSS GAS 
IUCYC.L.Ii. COMP111i&$01l 

t=t=l===l:=---

IU 

~ 
REACTOIIt £F'I"I.IIENT 
c::'llNTRIF'UGE 

..---1--



gPo<·4 
""s Rf,Yl£ COM· 
PfUSOII I(O. POT. 
200 <MI. 

..tl::...!!.. 
PROCESS IUCYll!' 
GAS PRE· COOL H! 
DI/TY- li?O M8TU/I<Q 

.t 

.2!:L 
Sz ABSOIZBEA. 
VtfD PU*'CP 

.u.:L 
81 STRIPPER NO. I 
SO PLATf,"$ 
4'. • II()' 

..ll.::..i.. 
l'i1 S TlltPP£"1 11/0.2 
FUO PIJMP 

., 

uNCLASSIFIED 

.!.!.:1!... 

ZC·4 
Bz. STill PPE'I NO.2 
50 PLAT£'$ 
..... li.Q' 

111 5TIIIPP£fl NO. Z 
LtQliiD WE'AT EXCIIAN6U 
DUTY' • 600 M8'TIJ/Wfl 

3· .J 

8 

~ 
B, 'TR•-t NO.Z 
s,rrLUIN'f PII .. P 

'l /~-(::s'FIED L.- t .............. l 

tc.-5 
lls l)f$TIL L 
1'0 PlATI 
s' f .. so' 

.l 
a 
l)l 

~ 
c. CQI.u,. 
P'UO Dv• 



'ZC·S 
8 1 DISTILLATION C:OLVMN 
20 PLAT&• 
1 1 • I( 50' 

2 t·IO 
8o DISTILLATION COLU!oiN CONDENSER 
DVT'I'· 3 0 "AM STIJ/ I,HI. 

~ 
6r DISTili.ATION (OI.IJMN REBOILE ~ 
DUT'I'· 4.2 111M ITIJ/Wi 

' . 

t.J N CLASSIFIED 

~ 
C:~ DtS'TtLLATION COLUMN 
t PLATU 
.~.,. , .. 

ll:.!.L. 

ZE • t2 
C• DISTILLATION COLUMN CONOENSU 
OUT 'I" • 13 ... M BTIJ/HR 

C6 DISTILlATION COLUMN li![801L(R 
OUTY- 15 MM BTII/~Il 

18 

~ 
8s CPNC:I'NTR"TINC• COLVMN 
<60 PLATE$ 
l'f. to' 

~ 
a, coNcrNTIAT 
PIJTY-7DOMI 

1£-13 
i;(O;icfNTII.t.TIIIti C( 
DVT'I"- 780 1.1 BTV(H 

--------------------------l---------l----4--~----~~---------l 

----------~----1----------------- --------1--------------------------------------------------------- ----------------1--------1 

~ 
C6 COLUMf>l 
I"£SD PUNP 

:r 

i . 
i . 
" 

211-Z 

Bs OISTILLAT;ON 
C:Oi.UioiiH ClliTRIFUIU: 

~ 
'~ OJSTIU .. TtON 
'OL•JMN PIJ .. ~ 

26-10 

as C.~C-NTIIATIUII 
COLUMN a«<TTOitiS PU .. P 



lrE'· IJ 

li.:..!± 
8• C'ONctNTUT1114i COtuMif C0140£!1Ull 
I>UTY- TOO M 8TU/Htl. 

&, CONC£NTIIATII'IG COI.VMif I!F80II .. £R 
DUTY- 780 Ill 8TV{I~R. 

LJNCLASSJFJED 

2£·16 
81 PIIOOVCT C:OI.VMN COHDENS~A 
OIIT'Y• 100M STV/~R 

~------~211)---~ 

___ _j 

...ll.:.!.Q. 
lis C.ONCI:NT;ATill6 
COLUMt<l laOTTOioiS PUMP 

2G·l 
PENTAIIOiilANt 
NODUCT PIIMP 

\FlED 

..2£:.!1 
Pft<ITAiiiOilANii' $"1'Gt"•,; 
5000 6o'll. 

J 

L 

~~ 
\ 



i COlUI4N CO~OH15EII 
V/WII 

uNCLASSIFIED 

2C- s 
B$ PROOVtT COLIIMN 

?.0/!";ot.' 

ll..:.J1 

~ 
81 PRODUCT I:O~UMN CONDtW.SfR 
OIJTY- lOOM STII/1-42 

Ba PliODIJCT COL.I.IMN REEIOILER. 
DUTY-100M 8TU/HR 

I 

D-~ 

I 

...K:.!! 
P'"'TASORANE STOt,.U 
5000 6AL 

.u.:l!. . 
Boo HOl.DIN& TANI( 
rs;ooo GAL 

CsWoa TO 
INC:INIO&ATOIZ 

cnoNo;a 
----------':£:> LOAOIN6 

f'ACILITI[S 

------<~>---

_ _j 
I C.tYS'I'ALllll& 

I - '""., 

2G·3 
PENTAaoaANL 
PRODUCT PIIMP 

~--------------------~-----4~-----£:> PiNTA 

SOLIDS 

AFN,Inc:. 
t.5 f/0 1'£NTAIIOIIAII(•D£-- """"'' 

~·. I ·• •. ·' .·~·o· • I Ni >; ·'' ., .,, I--' -U v L/1-J,:;) ~I ! ;,= 



t.JNCLASSIFIED 

CONF!Qf'IT Xf' 
,P ASD-TDR-62-1025 

Volume I of V 
June 1962 

overhead from the Bs concentrating column (2C-7) is cyclohexane-free 
pentaborane containing small percentages of c5 and lighter hydrocarbons 
formed by the slight decomposition of cyclohexane in the pyrolysis 
reactor (21-1). These are separated out in the Bs product column (2C-8) 
and flared. The bottoms of this final column constitute the desired 
product, pure pentaborane-9. 

Gas effluents from the tops of a11 but the Bs product column 
(2C-8) are recovered by compressing (2K-2) and adding this process gas 
recycle stream to the reactor gas recycle 'stream. Liquid separated in 
the two knock-out drums associated with the compressor is pumped to the 
reactor phase separator (2PH-l). 

3. Diborane Recoyery from Hydrogen Off-eas 

As pointed out under the pyrolysis section, the reactor system 
is vented to the diborane absorber (2C-l) to handle the hydrogen 
generated by the pyrolysis reactions. This gas contains diborane in 
addition to the hydrogen and may also have small amounts of higher boranes. 
Actually this gas stream is three times as large as would result fro. the 
pyrolysis reactions alone, the greatest part being the consequence of 
the stripping gas used in the stripping columns (2C-2, 3, 4). 

The quantity of cyclohexa~e recovered from the c6 distillation 
column (2C-6), supplemented by the process make-up requirements, is 
insufficient to absorb the diborane contained in the gas fed to the 
diborane absorber (2C-l). The larger absorbent requirement, coupled 
with the need for considerable amounts of stripping gas, is satisfied 
by operating the absorbent stripper (2C-2) in conjunction with the 
diborane absorber (2C-l). This pair of columns, functioning at different 
pressure and temperature levels, produces a liquid stream, the bottoma 
of the stripper (2C-2), and a gas stream from the absorber (2C-l), both 
of which are relatively free of diborane and therefore suitable for use 
as absorbent and stripping gas, respectively. 

However, the absorbent thus produced contains some intermediate 
boron hydrides which, if fed back to the absorber at the top plate, would 
result in boron losses in the hydrogen effluent. This situation is 
avoided by feeding the recycle absorbent several plates below the top 
plate of the absorber and feeding the fresh cyclohexane to the top of 
the column. Any intermediate boron hydrides rising from the recycle 
absorbent feed plate are absorbed in this short section of the absorber. 
In addition, the hydrogen gas loading on the top of the absorber is 
reduced by removing hydrogen used for stripping gas at a point inter­
mediate between the top plate and the recirculating absorbent feed plate, 
since a high purity hydrogen stripping gas is not essential. 

Gas effluent from the diborane absorber (2C-l) can be either 
recycled to Step I, the diborane plant, after removal of cyclohexane, or 
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flared, depending on the coat of freah hydrogen. The gaa effluent from 
the abaorber atripper (2C•2) join• the proce11 &•• recycle 1tream. The 
liquid effluent from the ab1orber i1 fed to the reactor pha•• 1eparator 
(2PH·l) as make-up to the reactor system. 

4. Analytical In•trymente 

Hany of the equipment itema are designed to produce certain com­
poaitiona and the pyrolysis reactor (2B.·l) ia operated at a particular 
diborane concentration in the feed saa, achieved by adjuatin& the freah 
diborane feed rate. Plant operators must therefore have pertinent analy· 
tical information quickly available. 

This information is beat provided in .oat instance• through the 
use of automatic stream analyzers baaed on gas chroaatography. All 
important gas streams are monitored at programmed intervals by this means. 
This method also is applied to certain liquid strea .. , e.g., the distilla· 
tion column overheads, through analysis of the vapor existing in 
equilibrium with the liquid. 

The two product streams are analyzed by other means, however. The 
20 mole per cent solution of decaborane in cyclobexane is monitored bY. a 
proceaa refractometer, and hydrocarbon impurities in the final pentaborane-9 
stream by a continuous infrared analyzer. 

B. Decaborane Production 

The fundamental operating difference when decaborane ia the desired 
product of the pyrolysis plant is that pentaborane·9 is recycled to the 
reactor system rather than being removed as a product. The reactor liquid 
in the phase separator (2PH•l) thua haa a substantially hi&her pentaborane 
content (30 mole per cent vs. 4 mole per cent), and the reactor recycle 
gas carries back Bs~ to the reactor for conversion to decaborane. 

Since the reactor liquid is already thia concentrated, operation of 
the Bs column (2C-5) ia unnecessary. Instead thia stream ia fed directly 
to the 15 concentrating column (2C-7), and the overhead from thia is pro­
ceased aa before in the Bs product column (2C·8) to remove light hydro­
carbona. The bottom liquid from thia final column, now containing 5 mole 
per cent cyclohexane, ia returned to the phase separator (2PH•l). 

Similarly operation of the C6 column (2C-6) ia al1o unnecessary because 
the bottoma liquid from the Bs concentrating column (2C·7) baa a high deca· 
borane concentration. Therefore this stream ia merely centrifuged to 
remove suspended solids, adjusted to the desired 20 per cent concentration 
with wash cyclohexane, and aent to atorase (2C-ll) to wait fu~Cber proces­
sing to either crystalline decaborane or HIF-3. 
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The pyrolysis section produces decaborane as a 20 mole per cent solu· 
tion in cyclohexane. When the desired final product is HEF-3, this 
solution is sent to the alkylation plant, Step III; otherwise, the solution 
is procesaed to recover crystalline decaborane in Step IIA. This section 
of the plant is sized to accommodate the full output of the pyrolysis 
section, i.e., 9.2 tons per day. When pentaborane-9 is the primary product, 
however, only 0.6 ton per day of decaborane is produced. In this circum• 
stance Step IIA is operated on an intermittent basis with the solution 
being accumulated in the storage tank (2C-ll) between runs. The capacity 
of this tank is larse enough to permit a 24 hour crystallizer run. 

Figure 4 presents the process flowaheet for this operation, with 
related material balance information appearins in Table 4. 

The decaborane solution is pumped (2G-12) from the holdins tank 
(2C·ll) to the decaborane concentrator (2C·l2) where sufficient cyclohexane 
is evaporated to increase the concentration to 35 mole per cent. The 
cyclohexane overhead from this operation is returned to the make-up cyclo­
hexane storage tank (2C-9) for reuse in the pyrolysis unit. The 
concentrated decaborane solution, after passing through a polishing filter, 
is continuously fed by pump (2G-12) to the crystallizer where cooliag.of 
the solution to 100°F. causes decaborane to crystallize out. 

Slurry from the crystallizer flows by gravity to the centrifuge (21-3). 
This unit automatically unloads into the steam heated rotary dryer (2D-1J 
through which hot nitrogen is circulated to remove residual cyclobexane. 
The dryer and centrifuge are kept only a few inches of water above atmos­
pheric pressure and are further enclosed in a well ventilated housing in 
order to avoid atmospheric contamination with decaborane vapors. The 
dried product, after passins through a coolin& section at the discharge 
of the dryer, is directly packaged in the final shipping container. 

III. Decaborane Alkylation (Step III> 

HEF-3 ia produced by the liquid-gas reaction of decaborane and ethyl 
chloride, using dispersed aluminum chloride as a catalyst and cyclohexane 
as solvent. The alkylation unit is desisned to use as feed the deca­
borane produced in the pyrolysis section (Step II). When the pyrolysis 
section is set up primarily for the production of pentaborane and only 
by-product amounts of decaborane are obtained, storage facilities allow 
for the accumulation of the decaborane solution until a sufficient quan­
tity is available for operation of the alkylation section for a 24 hour 
period. 

The alkylation of decaborane proceeds according to the following reaction: 

AlCl3 
iCl + B10H14 RB10a13 + HCl 
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As in pyrolysis, several products can be formed including di·, tri· and 
poly· alkylated decaborane&. The percentage of multi·alkylated decaborane 
increases as the reactor conversion of decaborane is increased as indi· 
cated in Figure S. React.or conven;ioas are therefore limited to 45 per 
cent to take advantage of maximum conversion to the mono·alkyl decaborane. 
Subse~uent to the reaction, the HEF, consisting primarily of the mono· and 
di· substitutes, is separated from cyclobe·xane, unreacted decaborane and 
undesirable reaction products by a series of"diatillations. Because of 
the high boiling point of the product and the desirability of working at 
low temperatures to prevent product degradation1 vacuum distillation 
techniques are employed. The process can be divided into three main steps, 
as follows; 

A. Alkylation 
B. Separation of Cyclohexane and Decaborane 
C. Purification of the REF Product 

The flowsheet for ~he process is presented as Figure 6 and the related 
.. terial balance is provided by Table 5. 

A. Alkylation 

The feed stream com~ng from the pyrolysis section (Step II) con· 
tains 20 per cent decaborane in cyclohexane. It is mixed witb the recycle 
decaborane stream of the same composition coming from the recycle concen­
trator (3C·l) 1 and is fed to the alkylator feed tank (3C·3). The aluminum 
cbloride catalyst is added to the feed tank (lC-3) which is agitated and 
heated to prevent catalyst settling and precipitation of the decaborane. 
The mixed catalyst and f'ed are fed by gravity and pressure difference to 
the alkylation reactor (lR-1). 

A multi-stage liquid gas contact reactor is required and1 since 
the alkylating agent is a gas, the reactor consists of a jacketed1 bubble 
cap tower in which the gas velocity is slightly higher than normal to main• 
tain suspenaion of the aluminum chloride. Ethyl chloride is fed into the 
bottom of the reactor and flows countercurrently to the liquid. As the 
reaction proceeds, ethyl chloride is replaced mole for mole by hydrosen 
chloride, resultins in a constant molal gas flow. The ethyl chloride 
flowing up the column has tbe additional effect of strippins hydrogen 
chloride from the reactor effluent, A reactor hold-up time of 2 hours is 
used during which time all of the ethyl chloride is reacted. 

The off-sas from the reactor (3R·l) consists essentially of HCl 
with a small amount of C6H12 and is disposed of by &crubbin& with watef. 
lf economies warrant~ both these chemicals can be separated, purified and 
recycled back to an earlier stage of the integrated ~lant pror.esa. 
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TABLE 4 
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Pecaborane Cryttallizatiop (Step I1A> Mlterial Balance 
(moles/hour) 

Stream 
B10H14 N2 C6Hl2 Total Stream No_, 

Crystallization Section Feed 1 6.26 25.04 31.30 

Concentrator Feed 2 7.89 35.06 42.95 

Concentrator Overhead 3 0.34 25.04 25.38 

Crystallizer Feed 4 7.55 10.02 17.57 

Crystallizer Slurry 5 7.55 10.02 17,57 

Concentrator lecycle 6 1.63 10.02 11.65 

Drier Condensate 7 0.70 o. 70 
-. 

Centrifuge Solids 8 5.92 0.70 6.62 

Centrifuge Mother Liquor 9 1.63 9.32 10.95 

Drier Off-Gas 10 2.14 0.80 2.94 

Desaborane Product 11 5.92 5.92 

Drying Gas 12 2.14 0.10 2.24 
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Stream 

Feed to Alky. Section fr0111 
n Step II 

C(,ll12 Take-Off 
Feed to A1ky1ator 

c -..c:. 
AlCli Make-Up 
Cata yzed Feed to Alky1ator 

c: Alkylator Off-Gas 
r·· 
"'"~'""• ,..,,. 
(/ 
(i 

Centrifuge Solids 
Alkylator Effluent 
Centrifuge Liquor 
Recycle Cf)f12 

~~- r-

n· • 
c t • 

c6u12 Diat. Overhead 
C6Hgl Dist. BottOIIIS 
BlO 14 Dist. Overhead 
Feed to HEF Dlst. Column 
Final Product 

HEF Dist. Residue 
Ethyl Chloride Feed 
Alkylator. Recycle 
Centrifuae Solids Wash Liquo1 
Recycle Solids Wash Liquor 

Feed to c6H12 Dist. Col. 

TABLE 5 

Recaborane Alkylation (Step III) 8aterltl Baltgce 
(molea/hour) 

Mono- Dl- Tri- Poly-
Stream ethyl ethyl ethyl ethyl 

No. C6H12 B1o814 810814 81o814 810814 810814 

1 25.080 6.270 - - - -
2 24.754 0.001 - - - -
3 30.217 13.489 0.091 - - -
4 - - - - - -
5 31.464 13.582 0.158 0.016 0.003 0.001 

6 0.326 - - - - -
7 1.573 0.093 0.067 0.016 0.003 0.001 
8 31.464 7.470 4.613 1.310 0.270 0.007 
9 29.891 7.097 4.344 1.244 0.256 0.006 

10 29.891 7.221 0.091 - - -
11 31.430 0.007 - - - -
12 3.185 7.371 4.546 1.293 0.267 0.007 
13 3.185 7.215 0.091 - - -
14 - 0.155 4.455 1.293 0.267 0.007 
15 - 0.155 4.455 1.292 0.261 0.001 

16 - - - - 0.006 0.006 
17 - - - - - -
18 26.706 0.006 - - - -
19 4.724 0.001 - - - -
20 4.724 0.281 0.202 0.049 0.010 0.001 

21 34.615 7.378 4.546 1.293 0.267 0.007 

Ethyl 
AlCl3 Chloride HCl 

- - -- - -- - -
0.044 - -
2.736 - -

- - 7.864 
2.736 - -
2.736 - -
0.037 - -- - -

- - -
0.044 - -- - -
0.044 - -

- - -
0.044 - -- 7.864 -- - -- - -
0.007 - -
0.044 - -

Total 

31.350 
24. 65~1 
43.797 

0.044 
47.960 

8.190 
4.489 

47.870 
42.875 
37.203 

31.437 
16.713 
10.491 
6.221 
6.164 

0.056 
7.864 

26.712 
4.725 
5.274 

48.150 

n 
0 

M 
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B. §'paration of Cyclohe!fne and Decaborane 

ASD-TDI.·62-102S 
Vol1111111 I of V 
June 1962 

The reactor effluent is cooled (3!·4) to lessen the solubility 
of aluminum chloride and pumped (3G·2) to a centrifuge (3V-l). The solid 
aluminum chloride ia removed, washed and recycled to the alkylator feed 
tank (3C·3) while the mother liquor, together with the wash liquor, is 
fed to the c6H12 diatillation feed holding tank (3C•4) and then to the 
C6H12 distillation column (3C·5). Cyclobexane is removed under vacuum 
from the product stream, condensed (3!·6) and pumped (3G-4) to the 
recycle storage tank (3C·6) where it is used as a wash and diluent for 
the decaborane condensers (3E·lOA and B). 

to minimize decomposition, the bottoms temperature of the c6a12 
distillation column (3C•S) is limited to 2oo•r. The bottoms containina 
cyclohexane, decaborane and the alkyl aubstituted decaboranes, are pu.ped 
(3G-3) to the decaborane distillation column (3C•8). 

Aaain, to limit the column temperatures, vacuum distillation 
techniquea are employed. Decaborane is refluxed by uaing an internal, 
partial condenser while cyclohexane acta as a non-condensable. the 
overhead decaborane•cyclohexane line ia steam traced to prevent the 
premature condensation of aolida prior to the introduction of the streama 
into the condensers (3C·l0A and B). Decaborane and cyclohexane are col­
lected as solids in the refrigerated condensers (3C•lOA and B) which are 
alternately used and washed with warm cyclohexane from the recycle 
storaae tank (3C-6). This material is circulated back to the recycle 
storage tank (3C-6) from which it is pumped (3G•S) to the recycle 
concentrator (JC-1) and then fed to the alkylator (3R·l). 

C. HEF Purification 

Crude KEF coming from the bottom of the decaborane distillation 
column (3C·7) contains amall amounts of polyalkylated decaborane tara and 
dissolved aluminum chloride. In order to remove these contaminants, the 
B1oH14 distillation column (3C-7) bottoma are pumped (3G·6) to the BEP 
diatillation column (3C-8) for final purification. The overhead product 
stream is monitored using process refractometera, in addition to normal 
laboratory analytical coverage. The purified HEF1 consisting primarily 
of moo-alkyl decaborane with minor amounts of decaborane and higher 
alkylated boranea, ia pumped (3G·8) to the KEF storage tanka (JC-10) and 
kept under a nitrogen atmoaphere. The tara coming from the column bottom 
are pumped (3G-7) to the waate disposal area where they are incinerated. 

IV. lguipment Deaisp 

All major equipment itema are listed in Appendix A along with specific 
sizing data. 
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A. Reactqrs 

uNCLASSIFIED 
CONFipfll I A~ 

1. Hydrogenation aeactor !Step 1) 

The hydrosenation preheater and reactor (lF-1 and lF-2) are com­
bined into a single unit because of the similarity in operatins conditions. 
The reactor is deaisned to hydrosenate boron trichloride at a temperature 
of 127s•r. with a retention time of 0.5 aecond. The required throu&hput is 
7000 cu.ft./ain. and reactor volume is therefore 79 cubic feet. 

The preheater and reactor conai1t of four parallel helical coill 
in a saa·fired refractory furnace. Each coil ia constructed of 6 inch I.D. 
1tainlea1 steel tubins with a one inch wall. The coila are 230 feet lons, 
of which 125 feet are preheater and 105 feet are reactor. The reactor 
section ia packed with Ho. 20 me1h silver wire screen and because of the 
severe corrosion problema, the reactor and prebeater are both lined with 
1/16 inch silver. 

Temperature senains element• mounted on the tube walla protect · 
asainat overbeatins and sloushins of the silver linins. 

2. Pyrolysis Reactor (Step II> 

The diborane pyrolysis reactor (21·1) is deaisned to pyrolyze 
diborsne with a 2 second retention time at a 10,500 cfa recirculation rate 
at Soo•r. Total required reactor volume for this condition is 340 cubic 
feet. Material of construction is carbon steel, Because of clean-out 
requirements, three reactor units each with 170 cubic feet of volume are 
provided. This permits operation of two units while a third one is beins 
cleaned and placed in standby condition. Each unit consists of five 18 
inch diameter reactor tubes 21 feet long, individually jacketed, with a 
cyclohexane quench crossmounted on each tube. Underneath each tube, a 3 
foot lons scourins rod is mounted on a hydraulic cylinder to clean out the 
quench crOISs and bottom section of reactor tube. Tbe cyclobexane queach 
velocity .. tchea the sa• velocity at the tube exit to eliminate pressure 
drop. The scouring rod keeps the quench nozzle clean and free. The 
hydraulic rama are activated whenever pressure drop acroas any reactor tube 
iacreaaea above a set 1118xii8Uat. Reactor heatios ia accomplished by a sa•· 
fired Ar~lor heatins system. 

3. Alkylation &eactor <Step III) 

The alkylation reactor (3R·l) is deaisned for the catalytic alky• 
lation of decaborane at atmospheric pressure, lso•r., and a 2 hour retention 
ti... The required tbrou&hput is 550 sallons per hour decaborane solution 
and 470 cubic feet per hour alkylating asent. 

The reactor conaiata of a hot water-jacketed, bubble cap tower in 
which the required multi•stase reaction is accomplished by countercurrently 
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feeding the catalyzed decaborane solution and the gaseous ethyl chloride. 
Adiabatic conditions are maintained throughout the reaction vessel. 
Because of the suspended aluminum chloride catalyat the gas rates throu&h 
the bubble caps are maintained at a slishtly hi&her than normal rate to 
prevent settling. 

The reactor is 7.5 feet in diameter by 50 feet hi&h and coataina 
20 trays; it is constructed of carbon steel. 

B. Colur.ms 1md Vessels 

All columna having a diameter greater than two feet are of atandard 
bubble cap design while those under two feet are packed columna uaing one 
inch Intalox saddles. The high vacu~ columna uaed in the alkylation sec­
tion have a maximum allowable pressure drop of 0.1 mm. Hg. and are therefore 
of the low pressure drop mechanical type. 

Columna and vessels in service below ·40°F. are fabricated of type 304 
stainless steel to provide low teaperature impact resistance. All other 
columna and vessels are carbon steel except the final HBF·3 distillation 
column (JC•B) which is also type 304 stainless steel. 

Storase tanka which require either auxiliary beatina or coolin& are 
fabricated with intesral helical coil heat excbansers except where external 
jackets are specified. 

C. Heat Bxcbangers 

Heat exchangers will generally be of the shell and tube type except in 
isolated caaes where concentric tube, internal helical coila or jacketed 
veaaela are specified. 

Heat excbansera in service below ·40°F. are constructed of type 304 
atainleaa ateel to prevent failure due to embrittleaent. Other exshansera 
are fabricated from carbon steel. The Step I reactor effluent cooler (11·1) 
ia lined with l/16 inch silver on both aidea of the tube and on the inner 
shell aurfacea because of the aevere corrosive conditions under which it 
operates. 

The reactors discussed earlier in each case also act aa heat exsbansera 
and are desisned and fabricated accordinsly. 

p. Pumpp and Compressors 

All pumpa and compressors are spared. In the case of the Step II 
reactor recycle compressor (2K-l), one spare ia used for two compressors 
recycling reactor &a•· Where possible, pumpa and compreaaora of similar 
capacities will be made identical to reduce parta inventory. Becauae of 
... 11 a.ounta of boric oxide aolida in Step I and boron hydride polymer in 
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Step II, pumps and compressors using check valves are to be avoided. Polishing 
filters are used to control these solids; however, experience baa shown that 
they cannot be completely eliminated without elaborate filtering equipment. 

Pumps using tungsten carbide azainst carbon seal rings are recommended 
throughout the plant except for those pumping diborane·rich or pentaborane• 
rich atrea.-. Step I pumps (lC•l through 1~·5) would use single mechanical 
seals with a liquid boron trichloride flush stream. Step II pumps would 
use double mechanical seals with cyclohexane as the sealant. 

Pumps handling diborane or pentaborane streams would be canned pumps 
to eliminate possible toxic or fire hazards caused by leakaae. In cases 
where these flows are 3 gpm or leas, diaphraga pumps are suggested. 

Compressors would all be of the rotary type, either centrifugal or 
po1itive displacement with double .. cbanical seal• on the shafts. Boron 
trichloride would be used in Step l and cyclohexane in Step II for the sealant 
fluid. 

B. Filters and Centrifugea 

Polishing filters used for process streams will be of vertical leaf 
desisn with mounted spares for simplicity in cleaning. Since only small 
amounts of solids will be accumulated, they can be destroyed instead of 
recycled, which simplifies filter cleaning. The cleaning procedure to be 
followed will be s bot caustic back wash after purgina equipment, followed 
by rinsing and drying under vacuum. All polilhing filters will be steam 
jacketed for ease in removing moisture. 

Centrifuges to be used in Step II for removing boz·on hydride polymer 
will be of the pressurized automatic solids discharge type with a split bowl 
design. The centrifuge used for decaborane separation would be of the 
pilton-operated solids discharge type. The polymer centrifuges have inte· 
grally mounted centrifugal pumps to remove filtrate which eliminates the 
necessity of externally mounted pumps. Wbere streams are large, two centri• 
fuges will be mounted in parallel to even out flow with each centrifuge 
sized to handle the complete stream alone in case of failure of one. 

F. Piping and yalyes 

carbon steel tubing and pipina will be used throughout the plant for 
process piping except where low temperature conditions (·40°F. or lower) 
exist. For low temperature service, type 304 stainless steel will be used 
for process piping. Carbon steel, 0.065 incb wall, annealed, seamless 
tubing will be used in only three sizes: 3/8 inch, 5/8 inch and 7/8 inch 
with carbon steel, cadmi~plated Imperial Hi-Seal fittings. Carbon steel 
Schedule 40 seamless Grade A/B ASTM A-53 pipe will be used for one inch 
and larger sizes with butt weld fittings. Flanaes will be used only where 
required for equipment removal. Any screwed unions, tees, or elbows will 
be 3000 pound cast steel fittings. 
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Stainless steel 0.049 inch wall, seamless, type 304 with type 316 
stainless steel Imperial Hi-Seal fittings will be used for refrigerated 
process tubing in three sizes: 3/8 inch, 5/8 inch and 7/8 inch. Type 
304 stainless steel Schedule lOS seamless pipe will be uaed with Schedule 
lOS butt welding type 304 stainless fittings in one inch to six inch sizes. 
Any required stainless screwed fittings will be 2000 pound type 304 atainlesa. 

The valves used in process linea will be ball valves with Teflon seats 
and seals. For globe valve use, screwed steel ·body, union bonnet valves 
are used. Stainless steel, spring-loaded valves are to be used for check 
valve aervice in process linea. Welding neck flanges with 1/16 inch raised 
face will be specified for 300 pound and 150 pound service for uae with 
process piping. 

For refrigerant lines, hard drawn copper tubing, AStM B-881 Type L 
will be used with brass valves and fittings. Refrigerant linea connected 
to threaded connections at equipment will be installed using a silver alloy, 
back-brazed copper adapter. 

For instrument air, nitrogen and breathing air linea, Schedule 40 
galvanized, ASTM A·l20 pipe and galvanized fittings will be used. Copper 
tubing, l/4 inch with 0.030 inch wall and 12 tube bundles of Dekron Pro­
tecto Pac type 8 will be uaed for instrument air linea leas than l/2.inch 
iD atze. 

Other utilitiet, cooling water, plant water, steam, vacuum, and chilled 
water under 125 psi& and 35o•F. will be Schedule 40 pipe ASTM A·S3 Grade A/8 
with 150 pound braas gate, globe and check valves. Fittings will be .al1e• 
able iron 150 pound. High pressure steam, 175 psig, and natural gas will 
use 3000 pound fittinas, 600 pound valves of forged steel, Schedule 80 
pipe for under one inch line size, and Schedule 40 pipe for ·over one inch 
line dze. 

In addition, process piping will be sloped l/12 inch per foot in the 
direction of flow for draining. teflon paste will be used on stainless 
threaded connections, Garlock 101 in Step I, and John Crane Plastic Lead 
Seal in Steps II and III for carbon 1teel procesa piping threaded connec­
tions as pipe thread compounds. 

G. Inttrumentation 

Conventional flow, level and temperature instrumentation, either 
pneumatic or electronic, can be used throughout the plant. Materials of 
construction for the primary sensing elements, however, must be restricted 
to those compatible with boron hydrides and boron trichloride. In the 
diborane generation step where boron trichloride is present, Teflon is the 
only recommended polymeric material. In the remainder of the plant, Viton A 
and Teflon are satisfactory materials except in Step III equipment where 
hydrogen il generated. Here Teflon again is recommended. Steel or atainleea 
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steel are suggested except at the temperatures encountered in the Step I 
reactor and feed preheater where silver-lined primary elements are recom­
mended in contact with process gas. 

Process stream analyzers will be required throughout the plant to 
control and observe changes in the various processes. Applications for 
these are discussed in the process description sections of this volume. 

V. Utilities 

Utility requirements for the various process steps are presented in 
Table 6. Power requirements as given in the table include only process pump 
and compressor loads along with instrumentation and lighting loads for each 
step. Refrigeration, cooling tower water, chilled water, compressed air 
and vacuum power requirements are not included as part of the process power 
requirements. Power requirements in Step I include power for a 1900 h.p. 
drive on the hydrogen recycle compressor. Economic studies of a turbine 
steam drive versus an electrical drive may, dependin& on utility costs and 
steam plant size, eliminate this large electrical power requirement for 
Step I. 

Compressed air requirements are based on pneumatic type instrumentation. 
If electrically operated instruments predominate, a lower compressed air. 
requirement and proportionately laraer electrical requirement will result. 

As a safety precaution, fittings for breathing air (20°F. dewpoint), 
nitrogen, vacuum, water and steam will be of different types to prevent ~ 
cross-connecting utility services. 

yi. Waste Disposal 

Waste material in the plant will consist mainly of process waste gas, 
process solids, and alkylation tars. 

Au Vented Gaa.et 

A caustic scrubber normally containing 5000 gallons of 5 per cent 
caustic solution is used to remove vaporized boron hydrides, hydrogen 
chloride, and boron trichloride which accompany hydrogen process off-gases 
from the diborane plant and alkylation plant. All rupture discs and safety 
relief valves in the process vessels of the plant release their vapors to 
this scrubber in case of pressure build-up. To prevent back inspiration of 
air into the system during normal operation, nitrogen is bled into the ends 
of the gas manifold. To prevent air inspiration after a rupture disc or 
safety relief valve has opened, a gas pressure control valve releases nitro­
sen into tbe manifold system when manifold pressure drops below four inches 
of water above at.o&pheric pressure. A caustic solution pump circulates 
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TABLE 6 

lrgceta Utility Reguiremcptt 

Step IIA 
Step I Step II B1ofll4 

Diborane Diborane Cryata1· 
Utili tv Production Pvrolv•4• H.u.t:f.on 

Steam 
~ pais, lb./hr. 87,920 23,000 370 

150 pliS, lb./hr. 22,540 7,000 -
Coolin& Towe[ WJ,e[ 

60 paig, 80•:r., &Pill 4,790 2,340 60 

m&U!ed Watst 
60 paig, 40• F. , 8JN11 - 115 10 

Natural Gas 
SCFM 37S 300 -

ldii&l[&tion 
o•r., tona 

-2o•r., tons 2,300 - -
-5o•:r., tona 515 - -

-1oo•r., tons 175 - -
f2W.Ua ~-Pblll 

440V, lCW 2,620 820 40 

lit;[ogen 
SCFM 5 s 2 

lwuE 
2S" Hg., CFM 20 20 s 
18" aa. Ha. Aba. 

1" aa. Hg. Abt, 

Coamrea§ed Ai[ 
60 paig, -2o•:r. 
dewpoint, SCFM 
60 paig, 20• P. 

100 80 25 

dewpoint, SCFM 10 10 10 
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Step 
III 

HEF•3 Total 

2,630 113,920 
- 29,540 

90 7,280 

115 240 

- 675 
-

20.3 20.3 
- 2,300 
- SlS 
- 175 

30 3,510 

2 14 

3S 80 
20 20 
20 20 

40 24S 

10 40 
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80 to 100 &Pill to the 1crubber. the 1crubber off-&11 plltel throuah a 
111• fired flare. 

For vented gaaea from the pyrolyais plant and cryatallization plant, 
only a flare ia required aince no acid aaaea are preaent. A liquid aeal 
of inert liquid will be uaed to maintain nitroaen in the manifold ayat .. 
a• uaed with the caustic acrubber. 

the aolids wa1te in the plant con1ista of polymeric boron hydride• 
and boric acid. Cau1tic aolution fr0111 a portable 500 aallon tank can be 
u1ed to clean out 10lid1 fr0111 fouled equi~nt. 

Solida which are found in diaMantlin& equipment which hal not been 
removed by a cauatic wa1h are inerted by decontaminatin& the equipment 
witb 2.5 per cent ammonia solution. The ammonia aolution will be avail­
able in the plant in several looaely-covered 55 gallon drume and used for 
p~r•onnel decontamination, equipment decontamination, and for washin& 
down proce11 liquor apilla. A portable 500 &allon ammonia aolution tank 
will alao be available for equipment and ar81 decontamination. 

C1 tart 

tar1 formed in alkylation will be di110lved or diluted with keroaece 
and incinerated. --

Plant capital coats for an integrated high energy fuels plant with a 
n0111inal 9.5 ton/day capacity have been estimated at $41~5001 000. thia 
provides a versatile plant capable of producing pentaborane, decaborane 
or HEF-3 starting with borax aa the boron raw material source. Table 7 
pre1ents the coat and capacities for the varioua process plants and the co1t 
of auxiliary plants and service facilities. 

table 8 gives a detailed, self-explanatory estimation of the manufac­
turing coat for producing solely pentaborane. this coat, $1.45 per pound 
of pentaborane, ia also typical of the operating coat for decaborane and 
HEF-3 since the differences between these costa ia within the accuracy of 
the estimate. A 10 per cent makeup for both the recycle chlorine (from 
Step I HCl) and recycle hydrogen (from Step II offgaa) ia assumed. No 
inaurance1 taxaa, or depreciation are included. 
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TABLE 7 

Estimated Capital Cost 
9.5 tons/Day 

ASD-TDB.-62·1025 
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APR Boron Hish Bnersy Fuels Plant 

Procell Plants 

1. Boric Acid 
2. Boric Oxide 
3. Chlorine 
4. !thy 1 Chloride 

'· Boron Trichloride 
6. Diborane 
7. PentaboranewDecaborane 
8. B!F·3 

Subtotal 

Auxilia[I Plants 

1. Hydrogen 
2. Ritrogen 
3. Fire Protection, Water 

Supply1 Waste Diaposal 
4. Cooling Tower 

'· Powerhouse 

Subtotal 

Service Facilitiea 

1: Adminiatration Building 
2. Controi' Laboratory 
3. Locker 1toora 
4. Maintenance Building 
5. Warehouse Buildings 
6. Electrical Distribution and Switchgear 
7. Roads and Fenciq 

Grand Subtotal 
Contingency 

Grand Total 

-55~ 

CONFIQ it I ;. L 

tJNC 

Capacity 
Tops/Day 

64 
36 

100 
5.4 

107 
11.9 

9.5 - 9.2 
9.4 

$ 11 5001 000 
1,250,000 
2,500,000 

150,000 
6,100,000 
918001000 
410001000 
4.000.000 

$ 291300,000 

4.4 $ 1,250~000 

\FlED 

11710,000 
900,000 

1501000 
1,450.000 

$ 5,460,000 

4501000 
900,000 
100,000 
400,000 
200,000 
750,000 
160,000 

$ 2,960,000 

$ 311720,000 
3.780.000 

$ 41,500.000 



total Plant Cost 
Operating D&ya/Year 

Raw Materials 

Borax 
Sulfuric Acid 
Coke 
Matural Gas 
Chlorine 
Cyclohexane 

Utilities 

Electricity 
Steam 
Vater 
Natural Gaa 

Labor & Mise. 

Operating Labor 

LlNCLASSIFIED 

tABLE 8 

Estimated OperatiPS Costs 
9.5 tons/Day Pentaboraoe 

$36,500,000 
330 

lb./lb. BsHg 

10.6 
2.8 
1.9 
0,017 (MCF) 
1.06 
o. 17 

15 (I.WH) 
0,2 (M lb,) 
0.05 (M gal.) 
0,04 (MCF) 

ASD·'t9.·62·1025 
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~ $/lb. B5Bg 

0.022 0,233 
0.010 0.028 
0.018 0.034 
0.51 (MCF) 0.009 
0.03 0.032 
0.057 .2.::..!lli! 

Subtotal 0.346 

0.009/(I.WB) 0.135 
0.65/M lb. 0.130 
0."07 (M gal,) 0.004 
0.51 (MCF) .Q.&!Q 

Subtotal 0.289 

(32 men)($l/hr)(24 hr/da)(365 da/yr} 
(330 da/yr)(l9000 lb/da) 0.134 

Control Lab Labor 
(5 men)($3/hr)(24 br/da)(365 da/yr) 

(330 da/yr)(l9000 lb/da) · 0.021 

Superviaion 

Operating Supplies 

Maintenanc:e 

Overhead 

25% (0.134 + 0.021) 

0.5% (36.500,000} 
(330 da/yr)(l9000 lb/da) 

5% (36,500,000) 
(330 da/yr)(l9000 lb/da) 

1001 (0.134 + 0.021 + l/2'0.291) 

Subtotal 

total Manufacturing Coat 

0.039 

0.029 

0.291 

0.301 

.Q.:.lli 

$ 1.450 
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11 

P1 
t.J 

n 
0 
z 

r-

> • ... 

Item 

a,.ctora 

Columna and Vessels 

lC·l 

lC-2 
lC-3 

lC-4 

lC-5 

lC-7 ,A, B, C, D 

lC-8 

lC-9, A,B 

Name 

Reactor Preheater 
Reactor 

Primary Absorber 

Secondary Absorber 
DCB Prefraetionator 

Disproportionator 

HCl Fractionator 

APPIIIDIX. A 

Bguipment D881gn Summarv 
P1horane Production (Step Il 

Size 

6" dia. x 125 1 

6" dia. x lOS' 

48 trays, S.S' dia. X 
108' 
32 trays, 4' dia. x 76' 
30 trays, 12' dia. x 
88' 
30 trays, 2.5' dia. 
X 70 1 

26 trays, 8' dia. x 
6S' 

Tvoe 

Helical Coil 
Helical Coil 
packed/As screen 

Bubble Cap 

Bubble Cap 
Bubble Cap 

Bubble Cap 

Bubble Cap 

Diborane Storage Tank 270 gal. Refrigerated 
w/internal coila 

Diborane Absorber 20 trays, 1.5. dia. Bubble Cap 
X 48' 

HCl Storage Tanka 12,500 gal. Refriaerated 
w/internal 
coila 

Mate.:ial of 
Construction 

1/16" silver lined 
Type 310 SS as above 

C-Steel 

Type 304 SS 
C-Steel 

Upper Sec. Type 304 ss 
Lover Sec. C-Steel 
C-Steel 

Type 304 SS 

Type 304 ss 

type 304 SS 

n 
0 

z 

,.. 
r-

t.o<> 
coc:n 
::lfo0t1 

••• ~ i 
~MI 

~--------------------------------------------------------------~----------------------------------------------------~ 0~ 
. "' . . .... 
<O 

N 
. VI 

c. 
2 
(.) 
I 
::t> 
(f) 
(/) 

11 -rrl 
CJ 



Item 

illl&i IB~!!.G£& 

11-1 

n 
D 11-2 

) 11-3 
11-4 
11-5 
11-6 

·- 11-7 
~:~: z 11-8 
..r::':~~, -4 
C'~ "' 

lE-9 ,.. 
11-10 .... lE-11 
11-12 

-n > lE-13 
' lE-14 N -rn 11-15 

0 11-16 
lE-17 

IQubment Detig S•=ery 
R1kotane Pr9dgctiop <Stpp 1) (Cont.) 

SiEe Tvoe 

Reactor Feed Effluent Exchanger 31.6 MM B.t.u./br. Double Pipe 

BCl3 Vaporizer 10.1 MM B.t.u./hr. S&T 

Primary Absorber Trim Cooler 4.3 MM B.t.u./hr. S & T 
Reactor Effluent Cooler 13.6 MM B.t.u./hr. S & T 
Disproportionator Feed Chiller 2.0 MK B.t.u./hr. S&T 
Recycle Hydrogen Cooler 1.1 HM B.t.u./hr. S&T 
Disproportionator Feed Cooler 4.2 MM B.t.u./hr. S&T 
Prefractionator Feed Primary 5.8 MK B.t.u./hr. S & T 
Absorbent Exchanger 
Secondary Absorber Feed 3.6 MH B.t.u./hr. S&T 
0. H. Exchanger 
Secondary Absorber Feed Chiller 10.5 MM B.t.u./hr. S&T 
Secondary Absorber Feed IM II 2.0 MM B.t.u./hr. S&T 
Secondary Absorbent HCl 43.5 MM B.t.u./hr. S & T Long 
Fract. Feed Exchanger Baff. 
Secondary Absorbent Chiller 2.9 MK B.t.u./hr. S & T 
Prefract. O.H. Condenser 67.9 MK B.t.u./hr. S & T 
Prefract. Reboiler 78.2 MM B.t.u./hr. S & T Thermo-

siphon 
Disproportionator Reboiler 3.0 MM B.t.u./hr. As above 
Diaproportionator O.H. Cond. 2.1 MK B.t.u./hr. S&T 

Material of 
tioa 

Shell and tube to be type 
310 SS. Tube (both sides) 
and shell (inside) to be 
1/16" silver lined. n 
Type 304 tubes, C-St D 
Shell :z Carbon Steel 
Carbon Steel 'TI c.. 
Carbon Steel 2 Carbon Steel 
Carbon Steel ('") 
Carbon Steel r 

)> 
Carbon Steel (./) ,.. (/) 
Carbon Steel -Type 304 SS .... .,., 
Carbon Steel -

fTI 
Type 304 SS CJ Carbon Steel 
Carbon Steel 

C...<> 
Carbon Steel gofl.l .... '=' 
Type 304 SS 

··~ .... '=' 
.0 "' ~I-f~ 

ON 
... I .... 
<o 

N 

"' 
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Material of 
Item Name Size Tvoe Construction 

1!11 t E!§Sb.IDS!U;:I (ssmJi.l 

n u:-1s HCl Fract. Reboiler 19 MH B.t.u./hr. S & T Thermo- Carbon Steel n 
0 

siphon 
0 lE-19 HCl Fract. O.H. Cond. 9.2 MM B.t.u./hr. S&T Carbon Steel 

z 1£-20 DB Abaorbent Feed Bottoms 1.2 HM B.t.u./hr. S&T Carbon Steel z 

\ 
Exchanser "'I c. 

1£•21 DB Absorbent Chiller 0.4 MM B.t.u./hr. S&T type 304 SS z 
- .•. "'•"7'. ('") Pumps and CoRRreaaort r 

lC-1 A,B Recycle BCl3 Pump 185 gpm Centrif. Carbon Steel )> 
C.. lC-2 A,B Secondary Abaorber Bottoma 1170 apm Centrif. Type 304 SS (J) 

Pump (J) • lC-3 A,B Prefract. Bottoms Pump 1000 apm Centrif. Carbon Steel • (') r- lC-4 A,B Prefract. Reflux Pump 1500 gpm Centrif. Carbon Steel r- , 
r-.. ·· lC-5 A,B Diaproportionator Bottoms 100 gpm Centrif. Carbon Steel -
).> > Pump fT1 

I 
lC-6 A,B BzH6 Product & Reflux Pump 54 gpm Centrif. type 304 SS 0 (J) "" 

(J) 
Can Pump 

lC-7 A,B HCl Product & Reflux Pump 120 gpm Aa above Type 304 SS .., lG-8 A,B DB Abaorber Bottoma 88 gpm Ceotrif. type 304 SS "-<t; c: 0 - ::s ... t:l 

rn lK-1 A.,B Hz Recycle Compreaaor 441 100 SCFM Centrif. Carbon Steel 

··~ 1K•2 A,B H2 Hake-Up Compressor 21 200 SCFM Centrif. Carbon Steel ... t:l 

0 "' 110 t; ..... 
or; 
H\ I ... 
<O 

N 

"' 
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Material of 
Item Na- .!u ... Tvoe Construction 

llaact;or 

2R-l Pyrolysis Reactor 510 cu. ft. ladividually Carbon Steel 
11 .. B.t.u./hr. jacketed tubes 

n Col~• and Yll!llS n 
0 0 

2C-l B2 Absorber 40 trays, 4' dis. Bubble Cap Carbon Steel 
X 90 1 z 

2C·2 Absorber-Stripper 30 trays, 4' dia. Bubble Cap Carboz.t Steel 

\ X 70 1 c. 2C·3 •2 Stripper No. 1 50 trays, 4' dia. Bubble Cap Carbon Steel 
x no• 2 

2C-4 •2 Stripper No. 2 50 trays, 4' dia. Bubble Cap Carbon Steel (") 
!"'~ 

X 110' r-
! 2C-5 15 Distillation Column 20 trays, 3' dia. Bubble Cap Carbon Steel .... 

::t> :3~ 
~ 

X 50 1 

(/) {,!') 2C·6 C6 Distillation Column 9 trays, a• dia. Bubble Cap Carbon Steel ~ 

(/) r- X 34' r- (/) 
2C·7 Bs Cone. Column 40 trays, 2' dia. Bubble Cap Carbon Steel -., 

;II> X 90' 
., -- • 2C-8 Is Prod. Col. 30 trays, 1' dia. 3/4 lntalox Carbon Steel , rn $'-

X 70 1 Saddles 

0 2PH-l Reactor Phase Separator 4000 pl. Carbon Steel 0 
2PH-3 Caa Recycle Comp. K.O. Pot 200 gal. Carbon Steel c...<t; 
2PH-4 Caa Recycle Comp. K.O. Pot 200 pl. Carbon Steel §~~ 

2C-9 Cyclohexane Make-Up Tank SOD pl. ··~ Carbon Steel .... t:J 
'10 Jill 

2C-10 A•F Pentaborane Storage 6 5000-pl. Carbon Steel f:Mf 
0~ ..... .... <c 

N 

"' 



llu&•n' Ill!&&!! ll••a 
D&b2&:1DI E!£RIX1&1 (I,IR 11) (~gg,.} 

Material of 
It: am Size Tvn .. .. tion 

~~~~~ IJSObiDII&:I 

21-1 Recycle Gaa Preheater 7 - B.t.u./hr. S&T Carbon Steel 
n 28-2 Quench Cooler 18 mm. B.t.u./hr. S&T Carbon Steel n 
0 21-3 C6H12 Make-up Feed Cooler 1 • B.t.u./hr. S&T Carbon Stee 1 

0 

~ 
28-4 Recycle Absorbent Cooler 920 m B.c.u./hr. S&T Carbon Steel 
21-5 Stripper-Absorber Liquid 920 m B. t. u./hr. S&T Carbon Steel z 

{rHI.! Effluent lnterchanger .... c. .,..-,.,..,. ... 21-6 Stripper Liquid Heater 920 • B.t.u./hr. S&T Carbon Steel 
......... :~.l' 21-7 B2 Stripper No. 1 Liq. Heat 450 m B.t.u./hr. S&T Carbon Steel 2 ~_.. 
i'~·~ .. Exchanger 0 ~. J 2!-8 B2 Stripper No. 2 Liq. Heat 600 m B.t.u./hr. S&T Carbon Steel ·- z: r-' Exchanger , .... ):::. ~ 28-9 Bs Diat. Col. Reboiler 4.2 -· B.t.u./hr. S&T Carbon Steel 
tn 21-10 15 Diet. Col. Condenaer 3.0 mm B.t.u./hr. S&T Carbon Steel (/) 
(f) 

,.. 
28-11 C6 Diat. Col. Reboiler 15 - B.t.u./hr. S & T Carbon Steel 

,.. (/) 
r- 2E-l2 c6 Diat. Col. Condenaer 13 IBID B.t.u./hr. S&T Carbon Steel r-

"'i'1 28-13 15 Cone. Col. Reboiler 780 • B.t.u./hr. S&T Carbon Steel .,.., 
21-14 Bs Cone. Col. Condenaer 700 • B.t.u./hr. S&T Carbon Steel -rn ,.. 28-15 Bs Product Col. Reboiler 100 • B.t.u./hr .. S & T Carbon Steel rrr • r "" 21-16 Bs Product Col. Condenser 100m B.t.u./hr. S&T Carbon Steel 
2E•l7 Proce•• Recycle Gaa Precooler 120 • B.t.u./hr. S&T Carbon Steel C..<> 
21-18 Proceaa Recycle Gaa After- 100 m B.t.u,/hr. S & T Carbon Steel jOln 

cooler ·rv ' .... 
2K-l9 Abaorber Off-Gaa Heater S • B.t.u./hr. S&T Carbon Steel ... t:f 

<0 ,., r: ..... 
0~ ..... ... 
<CIS 

Ul 
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Pump! and Compressors 

2K-l A,B,C 

n 
0 21C-2 A,B 

cl 2G-l A,B,C 
2G-2 A,B 
2G-3 A,B 
2G-4 A,B 
2G-.5B 

z z: 2G-6 A,B 

(J ·-t 2G-7 A,B 
2G-8 A,B ,.. 2G-9 A,B 

r- 2G•l0 A,B 
2G-ll A,B 

(/) 
Cenu:i fl!.&!l -·- ~ , 

0\ - 2V-l 
rn 
0 2V-2A,B 

lquipMnt Detiap "nen 
piborane Pyrolyti! (Step Ill (Cont.) 

Reactor Recycle Gaa Compreaaor 

Proceaa Gas Recycle Compreaaor 

Reactor Liq. Recycle Pump 
K.O. Pot Liquor Pump 
Pentaborane Product Pump 
Abaorbent Recycle Pump 
Abaorber Feed Pump 
B2 Stripper No. 2 Feed Pump 
12 Stripper No. 2 Bffl. Pump 
C6 ColUIIII'I Feed Pump 
C6 Diet. Col. Pump 
B.5 Cone. Col. Bottoms Pump 
c6 Freah Feed Pump 

Reactor Effluent Centrifuse 

Bs Diet. Col. Centrifuge 

16,300 SCFM 

600 SCFM 

2000 gpm 
10 IPIII 
3 apm 
220 IPID 
7.5 apm 
7.5 IPID 
7.5 IPID 
6.5 apm 
80 gpm 
76 gpm 
0. 66 apm 

80 gpm 
0.8 lb./min. eolida 

80 &Pill 
1.0 lb./min. solids 

Poaitive Displace· 
•nt Rotary Screw 
Compressor 
Centrl. 
C011preaaor 
Centrlfqal 
Turbine 
Diaphragm 
Turbine 
Centrifugal 
Centrifugal 
Centrifugal 
Centrifugal 
Centrifugal 
Centrifugal 
Diaphrap 

Cont. Preae. 
Solids Diacbarge 
Split Bowl 
u Above 

Material of 
D 

Cerbon Steel 

Cerbon Steel 

Carbon Steel 
C.rbon Steel 
Carbon Steel 
Carbon Steel 
C.rboa Steel 
Carbon Steel 
C.rbon Steel 
C.rbon Steel 
Carbon Steel 
C.rbon Steel 
Carbon Steel 

Stainleaa Steel 

Stainless Steel 

n 
0 
z .,. 

c. 
2 
(") 

£ 
(f) 
(f) , 
-
fTl 
0 
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.. ltul 

~2lHID! loQ ~ll!ll! 

2C-ll 
2C-12 

2C-13 
n 2C·l4 

0 2C-15 
z; 2C-16 

\ c... U!lli IBIJIDIC[I 
21-9 
2B-10 

(") z; 21-11 .... 21•12 
2B-13 ,.. 2£·14 

.-
21-15 

11 lsmu - 2C·l2 A,B 
(Tl 

> 2C•l3 A,B 
0 ' ZC-14 A,B ..., 

2C-1S A,B 
2C-16 A,B 
2K-3 A,B 

Centdfya 
2Y-3 A,B 

Jtrvu 
2D-l 

J • 

lf&IIIP"nt Dalip S•rea 
Qeclborane Cryttallizatiop <Step I&Al 

Naae SitU!! Tvoe 

B1o Holdin& Tank 15,ooo sal. 
a10 Concentrator 400 sal. Externally Heated 

Evaporator 
Concentrator Accumulator 100 sal. 
B1o Cryatallizer 100 pl. Externally Cooled, 

Asitated 
Mother Liquor Tank 50 pl. 
Product Storage Hopper 1250 cu.ft. Internally Cooled 

Solids Storage 

Concentrator Beboiler 614 m B.t.u./hr. S & T TheTmOaipbon 
Cone. o. H. Condenaer 430 a B.t.u./hr. S&T 
Crystallizer Cooler 120m B.t.u./hr. S&T 
Dryer Condenaer 9 Dl B.t.u./br. S&T 
Dryer .Jacket 16.4 • B.t.u./hr. Ye,.el .Jacket 
Dryer Gaa Heater 700 B.t.u./hr. Double Pipe Pinned 

'rube 
Decaborane Prod. Cooler 44 a B.t.u./hr. Interne 1 He lice 1 Coil 

B1o Transfer Pump Bspm Centrif. 
Cone. Bottoms Pump 5 IP• Centrif. 
c6H12 Return Pump S SPill Centrif. 
Cryatall. Circulation Pump 7 gpm Centrlf. 
Filtrate Pump 3 IPDI CentrLf. 
a10 Dryer Blower 10 MSCPH Podtive Diapl. Lobe 

Blower 

B H Centrlfuse iso pl./hr. Preaa. Cont. Diach. 
765 lba./hr. aolida 

·1•. ·.1. 

Decaborane Dryer 3' dia. X 30' Rotary Steam .Jacketed 

.-.;;~~· 

......... • ( ... ;t .. ~ .. ::·· .. ~ ... . 

Material of 
Conatruction 

Carbon Steel 
Carbon Steel 

Carbon Steel 
Carbon Steel n 
Carbon Steel 0 

Type 304 SS z; 

\~ Type 304 SS 
Type 304 SS 
Type 304 SS r-
Type 304 SS .... ~ 
Type 304 SS (/) 
Type 304 ss ,.. 

(/) 
r-

Type 304 SS ., -,., 
Type 304 SS 
Type 304 SS 0 
Type 304 ss 
'l'ype 304 SS 
Type 304 SS 

""<t Type 304 SS 62-c 
II I . . tot 
.... g 

Stainleaa Steel ""' 111 ~ ..... 
0~ ...... .... 

Steinle,. Steel <o 
N 

"" 
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bllii!!!!Dt ... ,lm S.-tf: 
~~~![ID! Alk!ll,l2B ,!,II II~) 

llat•rial of 
Item ·- Sb.e Conatruction 

Bcactor 

JR·l Alkylation Reactor 20 traya, 7.5 1 dia. x 50' Bubble Cap Carbon Steel 

QelYIDI II~ !111111 

n JC·l Recycle Concentrator 400 sal. lvaporator Carboa Steel n 3C·2 HCl Scrubber 2 traaa. uoita 3° dia. x 6' Packed ColUIID Gla .. L1aed 
0 1" latalox Carboa Steel 0 
z: Saddle• z: 

' 
3C·3 Alkylator Feed Taak 300 pl. Carboa Steel 

~ 
c. 3C•4 C6H12 Diat. Holding Tank 200 sal. Carboa Steel c_ 

JC·5 c,al2 Diet. Col. 4 r:raya, 3 ° ella. X 15 1 Low Pr•••· Drop Carboa Steel 

0 
Bi&h Vae. Mech. z 

3C·6 Recycle a10 Storage Tank 100 gal. Carboa Steel ('") z 3C·7 Decaborane Diet. Col. 30 traye, 3° ella. X 70 1 Aa above Carbon Steel 
~ 3C•8 liD' Diat. Col. 40 traya, 2 9 elia. X 90' Aa above Type 304 SS r 

3C·9 A,B HIP Storase Taaka 1o,soo aat. Carboa Steel )> 

(/) 
,.. ,.. (/) 
... But 1&1!1111!1:! ... (/) .., 31·1 Coacentrator Rebo1ler 549 H B.t.u./hr. I 6 T Thenao- Carbon Steel .,., - aiphoa 

fi1 • -
• 31-2 Coac. O.H. Condenaer 375 H B.t.u./hr. S&T Carbon Steel f11 

0 CID 31.,.3 Alkylator Feed Cooler 175 M B.t.u./h!.', S&T Carbon Steel 
31-4 Alkylator lffl. Cooler 210M B.t.u./hr. S&T Carbon Steel 0 
31-5 c,a12 Diat. Reboiler 890 H B.t.u./b~. S&T Carbon Steel 
31-6 C6B12 Condenaer 812 M B.t.u./br. S&T Carbon Steel 

1 
31•7 leeycle c6a12 Beater 60 M B. t.11, /hr. latearal con Carbon Steel 
31•8 a10al4 Diat. Reboilr.~ 762 M B.t.~./~1:'. S&T Carbon Steel I 
3E•9 Ito eflux Conden~er 430 M B.t,u.!h~. lnte&r411 Finned Carboa Steel 

1 
Coil 

' ' . -......... . -..r - -- ...s-:_-..,;......,.,.,_. ___ ' 



n 
0 
z; 

c\ 
zz 
()-I 

({;: 

m 
0 

Item 

Hett lxcbaogen 

lE-10 A,B 

3£ ... 11 
3£-12 
31-13 

Pumps 1nd Compre1s2r• 

3G-l A,B 
lC-2 A,B 
lC-3 A,B 
JC-4 A,B 
lG-5 A,B 
lG-6 A,B 
3G·7 A,B 
3C-8 A,B 

Centrifuge! 

EqyiJ)!!!Cnt Dealy S"PP'IJ 
Decaborage Alkylatiop (Step III> (Cogt 1 ) 

Na..,.. 

810"14 Condenser 

HEF Dist. Reboiler 
KEF Reflux Condenser 
Tars Ca.oler 

Recycle ·c6Hl2 Pump 
Alkylator Bottoms Pump 
Dect Dist. Feed Pump 
Centrifuge Wash Liq. Pump 
Condenser Flush Pump 
HEF Dist. Feed Pump 
Tars Pump 
HEF Product Pump 

280 K B.t:.u./hr. 

362 K B.t.u./hr. 
362 K B.t.u./hr. 
SOO M B.t.u./hr. 

7 gpm 
10 gpm 
2 gpm 
8 gpm 
8 gpm 
2apm 
0,5 gpm 
3 gpm 

Tvne 

Intearal Finned 
Coil 

Material of 
Construction 

Carbon Steel 

S & T Thermosiphon Type 304 SS 
S & T Type 304 SS 
S & T Carbon Steel 

Centrif. 
Centrif. 
Centrif. 
Centrif. 
Centdf. 
Centrif. 
Centrif. 
Centrif. 

Carbon Steel 
Carbon Steel 
Carbon Steel 
Carbon Steel 
Carbon Steel 
Carbon Steel 
Carbon Steel 
Carbon Steel 

)V-1 A,B AlCl3 Centrifuge 9 gpm feed Cont. Press., 
350 lbs./hr. solids Solids Disch., 

Split Bowl 

Stainless Steel 

n 
0 
z ... 

\ 
.... 
,.. 
,.. 

~t 
>-1:1 

~----------------------~~·-·•~··----~• •---·•---- --~---~-~~~-------------' C: I ...... ~ 
~: Where two or more pieces of equipment are l~stedl 

(i.e., 2K-1A,B,C)l one spare is indicated. 

c 110 
a ..., ' 
.. 0\ <> ..., 
........ I 
10 ... 
t<~ 

"' 

c. 
z 
(J 
r 
)> 
(/) 
(/) 

..,., -rn 
0 
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~ I 
~. 2.0 
~ 

~B 

IQ 

z 0.8 
...... 

0.6 

0.4 

0.3 

uNCLASSiFIED 

ASD·TDl· 62·102 5 
Volume I of V 
June 1962 

Figure B-1. Diborane Pyrolysis - Estimated Heats of Reaction 

(1) 
(2) 
(3) 
(4) 
(5) 

Reactiona 

Rote: All reactions are exotbe~c 
except 6. 

0.2 L-----~~------~--------~------------~----------~~~----~ 
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Figure B-2. Vapor Pressure va. Teaperature 
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Figure B-4. Vapor Pressure va. Temperature 
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Figure B-S. Eatbalpy of BCl (low range) 
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. DEPARTMENT OF THE AIR FORCE 

HEADQUARTERS 88TH AIR BASE WING (AFMC ) 

WRIGHT-PATTERSON AIR FORCE BASE OHIO 

3810 Communications Blvd 
Wright-Patterson AFB OH 45433-7802 

Defense Technical Information Center 
Attn: Ms. Kelly Akers (DTIC-R) 
8725 John J. Kingman Rd, Suite 0944 
Ft Belvoir VA 22060-6218 

Dear Ms. Akers 

16 Feb 2012 

This concerns Technical Report AD-337608, Preliminary Design for Large Scale 
Borane Plant." This record was previously "UNCLASSIFIED I LIMITED." 

Subsequent to WPAFB FOIA Control Number 2012-01839-F, this record has been 
cleared for public release by Air Force Research Lab Propulsion Directorate Senior 
Chemical Engineer and Acting Branch Chief on 13 February 2012. Therefore, record is 
now fully releasable to the public. Attached on CD copy of it which has been remarked 
accordingly. 

If you have any questions, please contact me at (937) 522-3091 or DSN 672-3091 or 
Lynn.kane@wpafb.af.mil. 

Sincerely, 

,<_~~ 

3 Attachments \ ?3~ 
1. FOIA Request# 2012-0~-F 
2. Copy of AFMC Form 559 
3. CD with responsive records, remarked 

LYNN KANE 
Freedom of Information Act Analyst 
Base Information Management Section 
Knowledge Operations 


	AD0337608(1)
	2
	3
	4



